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(EN) TRANSMISSION DIVERSITY COMMUNICATION DEVICE 
(FR) DISPOSITIF DE COMMUNICATION POUR EMISSION EN DIVERSITE 

(EN) A plurality of antennas for transmission diversity at a base station 
are arranged into groups. Antennas are arranged such that the 

antennas in the same group transmit signals of strong fading correlation ' 
and that the fading correlation between groups is weak. Since the ^^'^ : ::y::iy:::^V'' 

signals transmitted from the antennas in the same group have strong .^x^. ^^^^ 

fading correlation, fading is not likely to change, and thus high control ^ ^^dL > ' "' " "^i;!;, 

speed may not be necessary. On the other hand, the control between - 
groups needs high speed. Therefore, mobile stations receiving signals : - r:^! v v.: - 

from the base station transmit feedback information for controlling the --^^^i^^' { rSp-^:- 

fading between groups to the base station at high transmission speed, i'^^^^' 
and feedback information in the same group is transmitted to the base 
station at low transmission speed. 

(FR) Cette invention concerne une pluralite d'antennes pour emission en diversite au niveau d'une station 
de base, qui sont agencees en groupes, ceci de telle sorte que les antennes du meme groupe 
transmettent des signaux a forte correlation d'evanouissement, mais que la correlation d'evanouissement 
entre les groupes soit faible. Com me le signal transmis par les antennes du meme groupe ont une forte 
correlation d'evanouissement, I'evanouissement a peu de chance de changer, faisant qu'il n'est pas 
necessaire de disposer d'une vitesse de commande elevee. A I'inverse, la commande entre les groupes 
doit se faire a grande vitesse. Par voie de consequence, les stations mobiles qui regoivent des signaux de 
la station de base emettent des informations en retour pour la gestion de I'evanouissement entre les 
groupes et la station de base a grande vitesse, I'information en retour au sein du meme groupe etant 
transmise a faible vitesse a la station de base. 
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(57) Abstract: A plurality of antennas for transmission clivers ity at a base station are arranged into groups. Antennas are arranged 
such that the antennas in the same group transmit signals of strong fading correlation and that the fading correlation between groups 
is weak. Since the signals transmitted from the antennas in the same group have strong fading correlation, fading is not likely 
to change, and thus high control speed may not be necessary'. On the other hand, the control between groups needs high speed. 
Therefore, mobile stations receiving signals from the base station transmit feedback information for controlling the fading between 
groups to the base station at high transmission speed, and feedback information in the same group is transmitted to the base station 
at low transmission speed. 
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bins of a large fast Fourier 
transform (FFT). This 
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output FFT sizes. 
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multipoint-to-multipoint 
(nodeless) network 
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A code-nulling method is 
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sources (11). The basic 
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can be adapted to the radio environment. Such systems are compatible with bandwidth-on-demand and higher-order modulation formats 
and use advanced (maximum-SINR) despreader adaptation algorithms. 
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STACKED-C ARRIER DISCRETE 
MULTIPLE TONE COMMUNICATION TECHNOLOGY 

BACKGROUND OF THE INVENTION 

5 

Field of the Invention 

This invention relates generally to radio communications and more specifically to 
communication technologies for multiple access in difficult and hostile environments combined 
with dynamic environment changes. 

10 

Description of the Prior Art 

The communication technology developed in the 1940's during World War II included 
"frequency diversity communication" or "stacked carrier communications" to aid high frequency 
(HF) band traffic. J, Proakis refers to frequency diversity communication technology in, Digital 

15 Communications, McGraw-Hill, 1989, see, sections 7.4 to 7.7. Diversity techniques are said 
by Proakis to be based on the notion that errors occur in the reception of largely attenuated 
channels, e.g., channels in deep fade. Supplying the receiver with several duplicates of the 
original signal, but over channels that fade independent from one another, has the potential of 
securing continuous communication except during the unlikely event that all the duplicate 

20 channels fade out together. Such probability can be estimated. 

Frequency diversity is one of many diversity methods. The same modulation is carried by 
several carrier channels separated by nominally the coherence bandwidth of each respective 
channel. In time diversity, the same information is transmitted over different time slots. 
Multiple antennas can be used in a diversity scheme. Several receiving antennas can be used 

25 to receive the signals sent from a single transmitting antenna. For best effect, the receiving 
antennas are spaced enough apart to vary different multipath interference amongst the group. 
A separation of nominally ten wavelengths is generally needed to observe independent signal 
fading. 

A signal having a bandwidth much greater than the coherence bandwidth of the channel can 
30 be used in a more sophisticated diversity scheme. Such a signal with a bandwidth W will 
resolve the multipath components and provide the receiver with several independently fading 
signal paths. 

Other prior art diversity schemes have included angle-of-arrival or spatial diversity and 
polarization diversity. 

35 When a bandwidth W much greater than the coherence bandwidth of each respective chan- 

nel is available to a user, the channel can be subdivided into a number of frequency division 
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multiplexed sub-channels having a mutual separation in center frequencies of at least the 
coherence bandwidth of each respective channel. The same signal can then be transmitted over 
the frequency-division multiplex sub-channels to establish frequency diversity operation. The 
same result can be achieved by using a wideband binary signal that covers the bandwidth W. 
5 G. K. Kaleh describes such in an article, "Frequency-Diversity Spread-Spectrum Communi- 

cation System to Counter Band-limited Gaussian Interference," ffiEE Transactions on Communi- 
cations, Sept. 1994. Here a secure setup is outlined that can operate in deliberately hostile 
signal environments. 

J. Proakis describes frequency diversity spread spectrum and multiple access concepts in 
10 chapter eight, "Spread Spectrum Signals for Digital Communication," supra. Diversity 
transmission combined with fi-equency-hopping spread spectrum is detailed for protection against 
multipath fading and partial-band jamming. 

Retro-directivity was proposed and used as early as 1959 to adapt a multi-element antenna 
array to provide identical spatial gain patterns during transmission and reception operations. 
15 See, R. Monzingo, T. Miller, Introduction to Adaptive Arrays, Wiley Interscience Publications, 
1980; L. Van Atta, "Electromagnetic Reflection," U.S. Patent 2,908,002, 1959; and B. Glance. 
P. Henry, "High Capacity Mobile Radio System," U.S. Patent 4,383,332, May 10, 1983, for a 
discussion of such techniques. TDD systems provide an effective means for implementing retro- 
directive antenna arrays, e.g., by minimizing the channel variation between the reception and 
20 transmission paths. 

Summary of the Invention 

It is therefore an object of this invention to provide a radio communication system for 
spreading data over widely separated frequency bands manifesting differences in channel 
distortion without physically spreading signals between intervening frequencies, as is required 
25 with direct-sequence spread spectrum. 

It is another object of the invention to provide a radio communication system for communi- 
cation under strong narrow-band interference, e.g., conventional cellular signal waveforms, by 
tuming off affected frequency channels at a receiver's despreader. 

It is an object of the invention to provide a radio communication system with simple equali- 
30 zation of linear channel multipath distortion. 

It is an object of the invention to provide a radio communication system that is compatible 
with discrete multitone and orthogonal frequency-division multiplex-like channelization 
techniques. And that is compatible with time-packetized discrete multitone and orthogonal 
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frequency-division multiplex-like modulation/demodulation techniques for frequency 
channelization and inverse channelization. 

It is another object of this invention to provide a radio communication system that is 
compatible with time-division duplex systems where the stacked-carrier spread spectrum 
5 modulation format is packetized, e.g., if tiie stacked-carrier spread spectrum signal is generated 
using discrete multiple tone and/or orthogonal frequency-division multiplex-like based frequency 
channelizers and inverse channelizers. 

It is an object of the invention to provide a radio communication system for frequency- 
division multiple-access like multiple access capability. 
10 It is an object of the invention to provide a radio communication system for code- division 

multiple-access like capability in a stacked carrier multiple access arrangement. 

It is an object of the invention to provide a radio communication system compatible with 

high-order digital modulations. 

It is an object of the invention to provide a radio communication system for bandwidth-on- 

15 demand flexible data rate connections. 

It is an object of the invention to provide a radio communication system for space-division 
multiple-access like multiple access, interference excision, and channel equalization capability 
in a code nulling application. 

It is an object of the invention to provide a radio communication system for use with 
20 adaptive antenna arrays by spatially extending a spreading code to spread data using 
independent complex gains on each spatial channel, or antenna beam, to control the channel- 
bandwidth array dispersion. 

It is an object of the invention to provide a radio communication system compatible with 
advanced array adaptation techniques, e.g., non-blind pilot-directed, blind data-directed, and 
25 other techniques that take advantage of underlying properties of tiie baseband data, channel 
structure, or stacked carrier spreading format. 

It is an object of the invention to provide a radio communication system compatible with 
retrodirective communication techniques. 

It is an object of the invention to provide a radio communication system for back- 
30 compatibility with conventional code-division multiple access, data activation systems. 

Briefly, an embodiment of the invention comprises a "stacked-carrier" spread spectrum 
communication system wherein the spreading is done in the frequency domain by multiplying 
a time-domain representation of a baseband signal by a set of superimposed, or stacked, 
complex sinusoid carrier waves. In practice, the spreading is done by simply energizing the 
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bins of a large fast Fourier transform (FFT). This provides a considerable savings in 
computational complexity for moderate output FFT sizes. A Kaiser-Bessel window, e.g., with 
6 = 9, can be used to "fill out" the space between the tones without subjecting those tones to 
unacceptable interference from adjacent tones, e.g., inter-tone interference. In particular, a high 
5 value of B provides acceptable interference between adjacent tones and extremely low inter- 
ference between farther out tones. This basic technology is then combined with time division 
duplex, code-division multiple access, space-division multiple access, frequency-division 
multiple access, adaptive antenna array and interference cancellation techniques. 

An advantage of the invention is that a radio communication method is provided that 
10 spreads data over widely separated frequency bands for spectral diversity. This provides an 
efficient way to take advantage of frequency diversity, especially in applications where the 
bands are very widely separated. 

An advantage of the invention is that a radio communication metiiod is provided tiiat 
communicates even under strong narrow-band interference. So a stacked-carrier spread 
15 spectrum (SCSS) link can be maintained in the presence of strong narrow-band frequency- 
division multiple access (FDMA) and time-division multiple access (TDMA) cellular radio 
signals, as in cellular overlay applications. It also allows such a link to be maintained in tiie 
presence of spurious interference due to harmonics from out-of-band signals. 

An advantage of the invention is that a radio communication method is provided tiiat 
20 permits simple equalization of linear channel distortion, and allows stationary, or quasi- 
stationary, linear channel distortion to be approximated as a multiplicative effect on the transmit 
spreading code. It further allows the channel equalization operation to be subsumed into the 
despreading or spreading operation witiiout additional filtering operations, apart from removal 
of intrapacket Doppler spread. The basic technique equalizes multipatii dispersion 
25 commensurate with the bandwidtii of the baseband, pre-spread, message signal. This multipath 
equalization operation can be extremely simple if tiie bandwidtii of tiie message signal is low. 
If the bandwidth of the pre-spread message signal is sufficiently low, e.g., the correlation widtii 
or inverse bandwidth of the prespread message signal is a large multiple of tiie largest multipath 
delay in the transmission channel, this equaUzation operation reduces to a complex multiply 
30 operation that is automatically subsumed into the adaptive despreading operation. This is in 
contrast to conventional CDMA systems, which require additional equalization operations unless 
the correlation width of the spread signal is a large multiple of the largest multipatii delay in 
the transmission channel. 
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Another advantage of the invention is that a radio communication method is provided that 
is compatible with discrete multiple tone and orthogonal frequency-division multiplex-like 
frequency channeUzation techniques. This allows stationary and linear channel distortion to be 
modeled as an exactly multiplicative effect on the transmit spreading code. 

5 An advantage of the invention is that a radio communication method is provided that is 

compatible with time-division duplex systems. So time-division duplex communication formats 
can be used where the stacked-carrier spread spectrum modulation format is packetized, e.g., 
if the stacked-carrier spread spectrum signal is generated using discrete multiple tone and/or 
orthogonal frequency-division multiplex-like based frequency channelizers and inverse 

10 channelizers. A "local" estimation of the transmit channel at either end of the communication 
link is made possible, greatly simplifying the implementation of channel preemphasis, transmit- 
site channel equalization topologies and retrodirective transmission techniques. 

An advantage of the invention is that a radio communication method is provided with a 
code-division multiple-access type of multiple access capability, e.g., the stacked carrier multiple 

15 access technique. Point-to-multipoint communication links are implemented by transmitting 
signals over the same subset of frequency channels, using linearly interdependent, (orthogonal 
or non-orthogonal) sets of spreading gains to separate the signals at the despreader. Since the 
spreading codes can be non-orthogonal, a chief advantage of this invention when used in 
conjunction with code nulling techniques, is that the use of non-orthogonal spreading codes is 

20 possible. 

An advantage of the invention is that a radio communication method is provided that is 
compatible with "bandwidth-on-demand" flexible data rate techniques. The data rate supplied 
on a given link can be increased or decreased in small increments by transmitting primitives to 
a single user over multiple time, frequency, or stacked carrier channels. The data rate is then 
25 adjusted with no increase in bandwidth if the data rate increases using multiple stacked carrier 
channels. 

An advantage of the invention is that a radio communication method is provided that is 
compatible with high-order digital modulations. It is compatible with arbitrary M^^y digital 
baseband modulation formats and allows capacity improvement through transmission of higher 
30 numbers of bits/symbol on each frequency channel. The reuse is improved and "load balancing" 
in multicell communication networks can be included by varying the bits per symbol on each 
primitive. 

An advantage of the invention is that a radio communication method is provided that has 
space-division multiple-access, interference excision, and channel equalization capability, e.g.. 
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in the code nulling technique. Such space-division multiple-access like code nulling techniques, 
in optimal and quasi-optimal linear interference cancellation and signal extraction techniques, 
are useful to separate stacked-carrier spread spectrum signals at the despreader, based on the 
frequency diversity or spectral diversity of the signals. Interference excision against in-cell 
5 stacked-carrier spread spectrum signals are thereby provided, as well as the elimination of out- 
of-cell interferers. e.g., the reuse enhancement capability. This then allows the most effective 
use of code nulling, which is generally applicable to a wide range of spreading formats. In 
particular, such provides a factor of two capacity improvement over code-nulling techniques 
developed for use with modulation-on-symbol direct-sequence spread spectrum formats where 
10 the spreading gain repeats once every underlying message symbol. 

An advantage of the invention is that a radio communication method is provided that can 
be used with adaptive antenna arrays. 

An advantage of the invention is that a radio communication method is provided that is 
compatible with advanced array adaptation techniques and thereby separates signals based on 
15 spatial diversity, frequency spectrum diversity, polarization diversity, and combinations of 
spatial/spectral/polarization diversity. 

An advantage of the invention is that a radio communication method is provided that is 
compatible with retrodirective communication techniques. This enables a straightforward 
extension of spatial retro-directivity technique to stacked-carrier spread spectrum systems 
20 including single antennas or antenna arrays. And allows concentration of most complex 
operations at the base station in point-to-multipoint communication links, greatly reducing the 

cost of the overall system. 

A still further advantage is that a radio communication method is provided that is backward 
compatible with conventional code-division multiple access, data activation techniques. 
25 These and other objects and advantages of the invention will no doubt become obvious to 

those of ordinary skill in the art after having read the following detailed description of the 
preferred embodiment which is illustrated in the various figures. 
Tn the Drawings 

Fig. 1 is a block diagram of a communication system embodiment of the invention wherein 
30 several remote mobile units are distributed in space about one or more central base stations; 

Fig. 2A is a block diagram representing an embodiment of the invention wherein a stacked- 
carrier'spread-spectrum transmitter bank is connected to an antenna array for a point-to-point 
transmitter, and another antenna array is connected to a stacked-carrier spread-spectrum receiver 
bank 5 for a point-to-point receiver; 
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Fig. 2B is a block diagram representing another embodiment of the invention wherein a 
stacked-carrier multiple-access transmitter bank is connected to an antenna array for a network 
transmitter, and another antenna array is connected to a stacked-carrier multiple-access receiver 
bank for a network receiver; 
5 Fig. 3A is a block diagram representing another embodiment of the invention wherein a 

stacked-carrier spread-spectrum transmitter is connected to a time-division duplexer for a point- 
to-point transmitter, and another time-division duplexer is connected to a stacked-carrier spread- 
spectrum receiver for a point-to-point receiver; 

Fig. 3B is a block diagram representing another embodiment of the invention wherein a 
10 stacked-carrier multiple-access transmitter is connected to a time-division duplexer for a network 
transmitter, and another time-division duplexer is connected to a stacked-carrier multiple-access 
receiver for a network receiver; 

Fig. 4A is a block diagram representing another embodiment of the invention wherein a 
stacked-carrier spread-spectram transmitter is connected to a code nuUer for a point-to-pomt 
1 5 transmitter, and another code nuUer is connected to a stacked-carrier spread-spectrum receiver 
for a point-to-point receiver; 

Fig. 4B is a block diagram representing another embodiment of the invention wherein a 
stacked-carrier multiple-access transmitter is connected to a code nuller for a network 
transmitter, and another code nuller is connected to a stacked-carrier multiple-access receiver 

20 for a network receiver; 

Fig. 5A is a block diagram representing another embodiment of the invention wherein a 
stacked-carrier spread-spectrum transmitter is connected to a widely separated frequency 
channeiizer for a point-to-point transmitter, and another widely separated frequency channelizer 
is connected to a stacked-carrier spread-spectrum receiver for a point-to-point receiver; 
25 Fig. 5B is a block diagram representing another embodiment of the invention wherein a 

stacked-carrier multiple-access transmitter is connected to a widely separated frequency 
channelizer for a network transmitter, and another widely separated frequency channelizer is 
connected to a stacked-carrier multiple-access receiver for a network receiver; 

Fig. 6 A is a block diagram representing another embodiment of the invention wherein a 
30 stacked-carrier spread-spectrum transmitter bank is connected to a synchronized time-division 
duplexer bank that is connected to both an antenna array and a stacked-carrier spread-spectrum 
receiver bank with a retro-adaptor in control of the stacked-carrier spread-spectrum transmitter 
bank for a point-to-point transceiver system; 
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Fig. 6B is a block diagram representing another embodiment of the present invention 
wherein a stacked-carrier multiple access transmitter bank is connected to a synchronized time- 
division duplexer that is connected to both an antenna array and a stacked-carrier multiple 
access receiver bank with a retro-adaptor in control of the stacked-carrier multiple access 
5 transmitter bank for a network system; 

Fig. 7A is a functional block diagram of a stacked-carrier spread-spectram transmitter 
similar to those included in Figs. 2A, 3A, 4A, 5A, and 6A; 

Fig. 7B is a functional block diagram of a stacked-carrier spread-spectrum receiver similar 
to those included in Figs. 2A, 3A, 4A, 5A, and 6A; 
10 Fig. 8 is a block diagram of the base station included in the system of Fig. 1 and showing 

the possibility of antenna arrays that allow spatial discrimination amongst the members of the 
communication system. Each functional transmitter and receiver line is represented as 
comprising many channels in support of the basic stacked carrier spread spectrum 
communication medium; 

15 Fig. 9 is a block diagram of a typical remote unit included in the system of Fig. 1 and 

showing adaptive channel equalization and preemphasis functions in support of the basic stacked 
carrier spread spectrum communication medium; 

Fig. 10 is a block diagram of a multi-element T/R module that includes a plurality of 
individual T/R modules, one for each antenna. The system complexity can be scaled up or 
20 down with the number of antennas. Spatial processing occurs after the analog-to-digital 
conversion (ADC) process during the reception operation, and before the digital-to-analog 
conversion (DAC) operation during the transmission operation. All of the spatial as well as 
spectral spreading operations are performed on the digital data. All of the key frequency and 
clock references in the system are derived from a common clock, such as a GPS clock. A 
25 mechanism is shown for module calibration, which is necessary for accurate retro-directivity in 
the TDD system; 

Fig. 11 is a block diagram of a stacked carrier spread spectrum modulator wherein baseband 
data is replicated over K^^^^ad separate spreading cells multiplied by a separate scalar that is 
passed to a time-multiplexer for combination into a complex data vector; 
30 Fig. 12 is a block diagram of a stacked carrier spread spectrum despreader in an all-digital 

fully-adaptive implementation. The despreader includes several channels for processing each 
of the tones in a stacked carrier spread spectrum carrier medium; 

Fig. 13 diagrams an exemplary BPSK multitone having a data length of six, a spreading 
factor K,p„^ of four and a separation between each group of two. Each group cell, gl-g4, is 
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represented as having an independent amplitude that can be manipulated by channel equalization 
and preemphasis to combat interference and other problems; 

Fig. 14 diagrams a "SCORE" processor used to restore a received signal x(t) from an 
antenna array. The processor controls include control filter h(t), frequency-shift value alpha and 
5 a conjugation control (*); 

Fig. 15 is a dataflow diagram representing a code-gated SCORE despreading operation with 
gating over two cell subsets; 

Fig. 16 is a dataflow diagram representing a code-gated SCORE spreading operation with 
gating over two cell subsets, and demonstrates a symmetry with that of Fig. 15; 
10 Fig. 17 is a time-frequency format for a time-division duplex communication system 

embodiment of the invention; 

Fig. 18 is an active tone format of a basic DMT modem; 

Fig. 19 is a dataflow diagram representing a transmit/receive calibration method; 
Fig. 20 is a diagram of an integrated single-antenna T/R and discrete multiple tones (DMT) 
1 5 modem to implement a DMT based stacked-carrier multiple-access (SCMA) system embodiment 
of the invention; 

Fig. 21 is a general example of a single-link code-gated cross-SCORE spreader embodiment 
of the invention; 

Fig. 22 is a dataflow diagram representing a single-link code-gated cross-SCORE 
20 despreading operation with K^p^^d cell subsets; 

Fig. 23 is a dataflow diagram representing a single-link cross-SCORE algorithm with Nf^ame 
packets/adapt frame; 

Fig. 24 is a dataflow diagram representing a single adapt frame autocorrelation statistics 
computation; 

25 Fig. 25 is a dataflow diagram representing a cross-SCORE eigenequation with K^p^ad cell 

subsets; 

Fig. 26 is a dataflow diagram representing a code key generator with Kpa^ < ^.pr^^ cell 
subsets; 

Fig. 27 is a dataflow diagram representing an equivalent code key applicator with K^^^ 

30 K,p,ead cell subsets; 

Fig. 28 is a dataflow diagram representing a cross-SCORE eigenequation with Kp^rt subsets; 
Fig. 29 is a dataflow diagram representing a cross-SCORE eigenequation with two cell 
subsets; 
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Fig. 30 is a dataflow diagram representing a multi-link code-gated cross-SCORE spreader 
embodiment of the invention; 

Fig. 31 is a dataflow diagram representing a single-link code-gated auto-SCORE spreading 
operation with gating over frequency and two cell subsets in an embodiment of the invention; 
5 Fig. 32 is a dataflow diagram representing a single-link code-gated auto-SCORE 

despreading operation with gating over frequency and two cell subsets; 

Fig. 33 is a dataflow diagram representing an auto-SCORE eigenequation with gating over 
frequency and two cell subsets; 

Fig. 34 is a dataflow diagram representing a single-link code-gated auto-SCORe spreading 
10 with gating over time and a rate one-half of redundancy gate; and 

Fig. 35 is a dataflow diagram representing a single-link code-gated auto-SCORE 
despreading with gating over time and a rate one-half of redundancy gate. 



Detailed Description of the Preferred Embodiment 
15 Fig. 1 illustrates a communication system embodiment of the invention, referred to herein 

by the general reference numeral 10. The system 10 comprises a base station 11 in two-way 
radio conununication with a plurality of remote units 12-17. The positions of the remote units 
1217 around the bane station 11 in Fig. 1 represents the variety of different positions in three- 
dimensional space that can be assumed by all, or by one or more remotes at various points in 
20 time. The base station 11 has a multi-element antenna 18. Each remote unit 12-17 has a 
corresponding antenna 19-24, some or all of which may comprise multi-element antennas, e.g., 
antennas 21, 23 and 24. The antennas 18-24 represent alternatives that range from a single 
physical antenna connected to a transceiver, to separate transmit and receive antennas, and to 
arrays of antennas that each express differential spatial signal sensitivities. Moreover, some 
25 or all of antennas 18-24 may be polarization diverse. That is, certain of antennas 18-24 may 
be positive sense polarized (e.g., antenna 20) and certain may be negative sense polarized (e.g., 
antenna 22), The "positive/negative" polarization sense may be based on "horizontal/vertical" 
linear polarization, "clockwise/counterclockwise" circular polarization, "slant 45/135" polariza- 
tion, etc. True noise invades the system 10 equally from ail directions and sources of 
30 interference are typically defined by their signals which arrive from particular directions. 
Muitipath signals between the base 11 and the remote units 12-17 represent a type of 
interference that can cause channel fade and other problems. 

The system 10 can also include multipoint-to-multipoint and point-to-point network 
topologies, as represented by a second base station 25 with a multi-element antenna 26. The 
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muitipoint-to-multipoint network is a superset of that shown in Fig. I, and is useful in cell 
systems where adjacent call interface needs to be controlled. Each base or remote transceiver 
in the network can have arbitrarily different numbers of antenna elements and spreading factors, 
e.g., they may be spread over different numbers of frequency cells. Spatially localized inter- 
5 ference can arrive from other stacked carrier networks and cells within the network and from 
other interferers, e.g., jammers, or FDMA signals that the network is being layered over. True 
noise can invade the system equally or unequally from all directions, wherein "equally" can 
imply isotropic noise. 

The basic means of radio communication in the system 10 is, by what is called here, 
10 "stacked-carrier spread spectrum" (SCSS), wherein discrete multiple tones (DMT) having a 
substantial frequency diversity are simultaneously transmitted by the base station 1 1 and by each 
remote unit 12-17 to the other. One baseband data symbol is spread spectrum modulated on 
each set of discrete multitone transmissions from a single unit 11-17. Accurate data recovery 
can be accomplished by the intended receiver even though some of the individual channels 
15 carrying information on a discrete tone may have faded out or been interfered with too 
severely. 

This invention can further be represented in various ways, e.g., by the several combinatorial 
embodiments illustrated in Figs. 2A-6B. Each of the major elements introduced in Figs. 2A-6B 
are described in further detail in connection with Figs. 7-16. The antennas in each array can 
20 have arbitrary spatial placement, e.g., the array does not require a special antenna geometry in 
order to function correctly. Moreover, the antennas can be displaced in polarization as well as 
space. 

Fig. 2A shows a point-to-point transmitter 30 comprising a stacked-carrier spread-spectrum 
(SCSS) transmitter bank 32 connected to a multi-element antenna array (AA) 34. A point-to- 

25 point receiver 36 comprises a multi-element antenna array (AA) 38 connected to a stacked- 
carrier spread-spectmm (SCSS) receiver bank 40. Each antenna array comprises a plurality of 
spatially separated antennas for transmitting and receiving data. Adaptive antenna array 
processing, e.g., adaptive linear combining and/or transmission over multiple spatially separated 
antennas, is not being combined here, or in Figs. 2B, 6A or 6B, with stacked carrier spreading 

30 and despreading. The array adaptation process is subsumed into the stacked carrier spreading 
and despreading operation. 

Fig, 2B shows a network transmitter 42 comprising a stacked-carrier multiple-access 
(SCMA) transmitter bank 44 connected to a multi-element antenna array (AA) 46. A network 
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receiver bank 48 comprises a multi-element antenna array (AA) 50 connected to a stacked- 
carrier multiple-access (SCMA) receiver bank 52. 

Fig. 3 A shows a point-to-point transmitter 54 comprising s stacked-carrier spread-spectrum 
(SCSS) transmitter 56 connected to a time-division duplexer (TDD) 58. A point-to-point 
5 receiver 60 includes a time-division duplexer 62 connected to a stacked carrier spread-spectrum 
(SCSS) receiver 64. 

Fig. 3B shows a network transmitter 66 which includes a stacked-carrier multiple-access 
(SCMA) transmitter 68 connected to a time-division duplexer (TDD) 70, A network receiver 
72 comprises a time-division duplexer (TDD) 74 connected to a stacked-carrier multiple-access 

10 (SCMA) receiver 76. 

Fig. 4A shows a point-to-point transmitter 78 that comprises a stacked-carrier spread- 
spectrum (SCSS) transmitter 80 connected to a code nuller 82. A point-to-point receiver 84 
includes a code nuller 86 connected to a stacked-carrier spread-spectrum (SCSS) receiver 88. 
Fig. 4B shows a network transmitter 90 that comprises a stacked-carrier multiple-access 
15 (SCMA) transmitter 92 connected to a code nuller 94. A network receiver 96 includes a code 
nuller 98 connected to a stacked-carrier multiple-access (SCMA) receiver 100. 

Fig. 5 A shows a point-to-point transmitter 102 that includes a stacked-carrier spread- 
spectmm (SCSS) transmitter 104 connected to a widely separated frequency channelizer 106. 
A point-to-point receiver 108 comprises a widely separated frequency channelizer 110 connected 
20 to a stacked-carrier spread-spectrum (SCSS) receiver 112. 

Fig. 5B shows a network transmitter 114 that includes a stacked-carrier multiple-access 
(SCMA) transmitter 116 connected to a widely separated frequency channelizer 1 1 8. A network 
receiver 120 comprises a widely separated frequency channelizer 122 connected to a stacked- 
carrier multiple access (SCMA) receiver 124, 
25 Fig. 6 A shows a point-to-point transceiver system 126 wherein a stacked-carrier spread- 

spectrum (SCSS) transmitter bank 128 is connected to a synchronized time-division duplexer 
(TDD) bank 130 that is connected to both a multi-element antenna array (AA) 132 and a 
stacked-carrier spread-spectrum (SCSS) receiver bank 134 with a retro-adaptor 136 in control 
of the stacked-carrier spread-spectrum (SCSS) transmitter bank 128, 
30 Fig. 6B shows a network system 138 that includes a stacked-carrier multiple-access 

(SCMA) transmitter 140 connected to a synchronized time-division duplexer (TDD) 142 that 
is connected to both a multi-element antenna array (AA) 144 and a stacked-carrier multiple- 
access (SCMA) receiver bank 146 with a retro-adaptor 148 in control of the stacked-carrier 
multiple-access (SCMA) transmitter bank 140. 
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Fig. 7 A illustrates a stacked-carrier spread- spectrum (SCSS) transmitter 150 similar to those 
included in Figs. 2A, 3 A, 4A, 5 A, and 6A. The SCSS transmitter 150 includes a digital-to- 
analog converter (DAC) 152 that converts incoming digital data to an analog signal for 
transmission. Analog information for transmission may be input directly without the DAC 152, 
5 Two or more channels (e.g., l,...,k) are included that each modulate corresponding radio 
frequency carriers in an up-con version process. For example, each up-con version channel 
comprises an inphase (I) mixer 154 and a quadrature (Q) mixer 156 connected to a 90° phase 
shifter 158 and a local oscillator (LO) 160. The modulating information therefore controls the 
amplitude of the inphase and quadrature phases of the AM carrier radio frequency. A pair of 
10 gain-controlled amplifiers 162 and 164 permit the independent adjustment of each of the inphase 
and quadrature amplitudes before recombining by a sunmier 166. A bandpass filter (BPF) 168 
strips off out-of-band signals that could interfere with adjacent channels. A final summer 170 
combines the signals from all of the channels and produces a transmitter output, e.g., that is then 
applied to an antenna. A spreading gain generator 172 periodically issues a parallel output that 
15 controls all the gain-controlled amplifiers 162 and 164 in every channel as a group. Each 
control signal to each gain-controlled amplifier 162 and 164 may comprise a signal digital line 
for one-bit on/off control, multi-bit parallel digital control for discrete gray-scale settings or an 
analog control for continuously variable gain settings. 

An obvious variation on the analog circuitry shown in Figs. 7A and 7B for the transmitter 
20 150 and receiver 180 is to use an all-digital transmultiplexer ("transmux") design, e.g., with 
discrete digital logic or with a digital signal processor. 

A preferred alternative to the direct or transmux spreading and despreading approaches 
illustrated by example in Figs. 7A and 7B is the discrete multitone (DMT) method of orthogonal 
frequency division multiplexing (OFDM) described herein. 
25 Referring to Fig. 7 A, in operation of the transmitter 150, some spreading gain output from 

the spreading gain generator 172 is likely to exist which is more readily received by an intended 
receiver unit than that which would be obtained by using a different spreading gain output. The 
intervening radio communication environment between the transmitter and receiver will ordi- 
narily attenuate or interfere with some phases and frequencies more than others. The radio 
30 communication environment contains co-channel interference, additive inter-network, intra- 
network and jamming/overlay ered signals which are more readily circumvented with spreading 
code that cannot be eliminated at the receiver. The spreading gain output therefore has the 
ability to compensate for the effects of the intervening radio conununication environment, both 
channel distortion and co-channel interference. The optimum spreading gain outputs that should 
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be generated at any one time can be fixed in patterned sequences according to time or place, 
or adjusted according to the results obtained from some sort of measurement related to the 
communication quality, e.g., reverse channel data. The spreading code provides for the 
compensation for co-channel interference sources, as well as channel distortion. 
5 Fig. 7B illustrates a stacked-carrier spread spectrum (SCSS) receiver 180 similar to those 

included in Figs. 2A, 3A, 4A, 5A, and 6A, and complementary to the transmitter 150 shown 
in Fig. 7 A. The SCSS receiver 180 accepts analog signals at a splitter 181 which drives parallel 
several frequency-separated channels. A typical channel comprises a bandpass filter 182, a 
splitter 183, an inphase gain-controlled amplifier 184, a quadrature phase gain-controlled 

10 amplifier 185, a pair of phase detectors 186 and 187 driven by a phase shifter 188 and a local 
oscillator 189 and an analog- to-digital converter (ADC) 190 that combines back all the receiver 
channels into a digital signal. Each down-conversion channel comprises inphase (I) mixer 186 
and quadrature (Q) mixer 187 connected to the 90** phase shifter 188 and local oscillator (LO) 
189. A despreading weight generator 191 is connected to control the individual inphase and 

15 quadrature amplifiers 184 and 185 of each channel. 

A base station 230 is shown in Fig. 8. For "code-nulling," the despreading weights are 
adapted to maximize the signal-to-interference-and-noise ratio of the despread message sequence 
in the preferred embodiment; and to introduce directivity and retro-directivity, by noting that 
the spreading gains are derived from the locally adapted despreading weights in the preferred 

20 embodiment. The base station 230 is similar to base station 11 (Fig. 1) and comprises an 
antenna array 232 for directional radio communication with remote units by beam forming, a 
transmit/receive (T/R) front end 234, a frequency channel bank 236, a data cell mapper 238, a 
weight adaptation algorithm generator 240, a multi-antenna multi-link despreader 242, a delay 
and Doppler estimator 243, a delay and Doppler equalizer bank 244 and a symbol decoder bank 

25 246, e.g. a Trellis decoder, that outputs several recovered baseband data channels. None, some 
or all of the antennas in antenna array 232 may be polarization diverse (e.g., antenna 233). 

Several outgoing baseband data channels are connected to a symbol encoder bank 248, e.g. 
a Trellis encoder. From there, the transmission involves a delay and Doppler preemphasis bank 
250, a multi-antenna multi-link spreader 252, an antenna and frequency channel mapper 254, 

30 a transmit/receive compensation bank 255 connected to a transmit/receive compensation 
algorithm generator 256, and an inverse frequency channelizer bank 257 connected to the T/R 
front end 234. A transmit/receive packet trigger 258 receives GPS time transfer information and 
controls the interleave and duration of individual transmit and receive times in the T/R front end 
234. The base station can also have as few as one antenna element in its array. In a preferred 
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embodiment, the base station uses a packetized time-division duplex DMT or OFDM modulator 
and demodulator to perform the inverse frequency channeiizer and frequency channelizer 
operations. 

For more information on the alternative use of Trellis coded modulation, see, BouUe, et al., 
5 "An Overview of Trellis Coded Modulation Research in COST 231," IEEE PIMRC '94, 
pp. 105-109. 

A remote unit 260 is shown in Fig. 9 in a preferred embodiment. The remote unit 260 is 
similar to remote units 12-17 (Fig. 1) and comprises an antenna array 262 for radio 
communication with the base station by combined spatial and spectral diversity, a transmit/ 

10 receive (T/R) front end 264, a frequency channel bank 266, a data cell mapper 268, a weight 
adaptation algorithm generator 270, a multi-antenna despreader 272, a delay and Doppler 
estimator 273, a delay and Doppler equalizer 274 and a symbol decoder 276, e.g., a data 
decoder, that outputs a recovered baseband data channel. None, some or all of the antennas in 
antenna array 262 may be polarization diverse (e.g., antenna 263). 

15 The outgoing baseband data channel is connected to a symbol encoder 278, e.g. a data 

encoder. The transmission further involves a delay and Doppler preemphasis unit 280, a multi- 
antenna spreader 282, an antenna and frequency channel mapper 284, a transmit/receive 
compensation bank 285 connects to a transmit/receive compensation algorithm generator 286, 
and an inverse frequency channelizer bank 287 connected to the T/R front end 264. A transmit/ 

20 receive packet trigger 288 receives GPS time transfer information and controls the interleave 
and duration of individual transmit and receive times in the T/R front end 264. 

The remote unit can have as few as one antenna element in its array. The number of 
antennas at each remote unit can vary from unit to unit. This can allow the remote units to 
have a variable cost, based on the importance or data rate employed by a given unit. The 

25 remote units can use different spreading rates. They can spread their data over different subsets 
of the frequency channels used by the base station transceiver. In a preferred embodiment, the 
remote unit uses a packetized time-division duplex DMT or OFDM modulator and demodulator 
to do the inverse frequency channelizer and frequency channelizer operations. A difference 
between the base station and the remote unit is that the base station transceiver signals from 

30 multiple nodes, e.g, multiple access. Each remote unit transceives only the single data stream 
intended for it. Channel equalization techniques and code nulling are limited methods for 
adapting the spreading and despreading weights. 

Fig. 10 illustrates a multi-antenna transmit/receive module 290. The module 290 includes 
a multi-element antenna array 291 with each element connected to a corresponding single- 
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channel T/R module 292, e.g., four in number. Each T/R module 292 is connected to a packet 
trigger 293, a receiver calibration generator 294, a local oscillator 295 and a system clock 296. 
These, in turn, are driven by GPS clock and Doppler correction signals. Each T/R module 292 
comprises a T/R switch 297, an intermediate frequency (IF) down-converter 298, an analog-to- 
5 digital converter (ADC) 299, a digital-to- analog converter (DAC) 300, an IF up-converter 301 
and a power amplifier (PA) 302. Receive weight information is learned during the receive 
process and is used in the transmit process to set the relative transmit powers applied to each 
antenna element, e.g., to compensate for channel fade or interference. It should be noted that 
the transmit/receive module must separately excite both polarizations if the base station is 

10 polarization diverse. 

The receive and transmit time slots are triggered at particular times, which may be pseudo- 
randomly determined, according to an independent source of accurate, universally accessible 
time, e.g., from the global positioning system (GPS) maintained by the United States 
Department of Defense. Such GPS times are derived from a navigation system residing on 

15 board a communication platform such that the receiver side of each T/R module 292 always 
knows what time slot a packet corresponds to. The GPS time is also used to derive the local 
oscillator and ADC/DAG clocks used in the system. The receiver side is not necessarily 
synchronized to the remote transmitting source. In particular, the range, propagation delay and 
Doppler shift between the communicators need not be known by the receiver system prior to 

20 the reception of a first data packet. However, the range, velocity, delay and Doppler shift 
between the communicators may be known to some degree of accuracy in certain applications. 
The range, propagation delay, and Doppler shift between the communicators does not need to 
be known prior to reception of the first data packet. 

The c2ilibration mode is optional, and is only used on an as-needed basis. For example, 

25 intermittently, at the beginning of a given transmission, or when internal diagnostics indicate 
that such calibration is required. 

The encoding, spreading, and modulation operations, e.g., as shown in Fig. 11, are 
preferably mirrored by analogous demodulation, despreading, and decoding operations, e.g., as 
in Fig. 12. The dataflow in Fig. 11 is reflected in Fig. 12 as a signal flow, e.g., the same data 

30 flows are in both Figs. 11 and 12, with the adders in one Figure replaced by fan outs in the 
other Figure. Such symmetry is exemplified by DMT modulators and demodulators, frequency 
mapping and inverse mapping operations, spreading and despreading operations, and code-gated 
spreading and despreading operations. The structure of the spreader mirrors the structure of the 
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despreader. Prior art CDMA transceivers do not have such symmetry. Thus, such symmetry is 
a critical feature in embodiments of this invention. 

Fig. 1 1 illustrates a discrete multitone stacked-carrier-spread-spectrum (SCSS) modulator 
used for frequency channelization in the embodiment 300. A frame generation command from 
5 navigation and coding system 302 causes a signal modulator 304 to encode ephemeris, position, 
velocity, acceleration, and other messages into a K^en symbol data vector. These symbols are 
then used to modulate a set of baseband tones or fast Fourier transform (FFT) bins. In a 
spreader 306, the Keen baseband tones are replicated over Ksp^ead separate spreading cells, 
multiplied by a separate spreading gain for that antenna "1" and frequency cell "h" complex, 

10 e.g., complex constant equally multiplying each symbol in the cell, and passed to a time- 
multiplexer that combines the cells into a Kactive-lo^g vector of complex data, where K^^^^ > Keen 
* Kgpread' This complex data vector is passed to a zero-padded inverse-FFT operator 308 that 
converts the data vector directly to Kppr > (1+SF) • Kj^^tive real-IF time samples, wherein "SF" 
denotes the "shape factor," or ratio of stopband to passband for this system. The first E^on • KpFj 

15 samples at this time sequence are then repeated 310 to form a Kpa^ket = (1+ E^on) * Kppr - long 
data sequence. A multiplier 312 multiplies this by Kpa^ket-long data from a Kaiser-Bessel 
window 314 to generate the final sampled signal. The sampled signal is then passed to a digital- 
to-analog converter resulting in a Tp^cket Kpacke/fs -long data burst, passed to frequency up 
converter and to the communication channel where f^ is the complex sample rate of the 

20 DPC/DNC nodules. The parameters used to reduce the features of the transmitted signal are all 
coordinated to GPS time, such that the nodes in the communication network transmit 
simultaneously. This process its repeated for each antenna in the system. 

A symbol encoding at the baseband tones is included in the baseline system 300. Each K^en 
data bit modulates a separate tone in the signal baseband, such that a tone is phase modulated 

25 by O or ISO" if the data bit modulating that tone is equal to zero or one, respectively. Such tone 
modulation is highly efficient in terms of allowable transmit power. It offers a vulnerability to 
radiometric detection techniques, and it allows reliable demodulation of the transmitted bit 
sequences at EJNq of as low as three dB. The BPSK format allows for the use of powerful and 
sophisticated methods to remove timing and carrier offsets from the despread signal, when based 

30 on the conjugate self-coherence of the tone phase sequence. 

Such operations are for a single antenna, e.g., using a different complex spreading gain g^j, 
for each frequency cell k and antenna 1 employed by the transceiver. The passage uses the 
packet extension factor e^n and the packet sample length K^^^.^^ = (l+ejo„)KFFT samples prior to 
the digital-to-analog conversion operation (Tpa^ket = (l+eron)TFpr time duration after the DAC 
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operation). The spreading gains g^i can be determined via number of means, for example, via 
codebook, randomly, pseudo-randomly, or adaptively, based on the despreading weights Wj^i. 

The number of information bits per data symbol is K^^^^^. The BPSK is a simple encoding 
strategy where encoding is ignored and K^j^ = 1 . The platform ephemeris, position, velocity, 
5 and acceleration information, are examples of data that could be transmitted in some 
applications. BPSK is a preferred modulation for applications where the data rate is not the 
primary concern of the system. 

The delay and Doppler preemphasis operation is optionally included in alternative 
embodiments. Such can be included after the initial packet to remove the effects of delay and 

10 Doppler shift at the intended receivers of the signal being transmitted from the DMT modulator. 
This operation can simplify the design of the transceivers in the network, e.g., by allowing the 
delay and Doppler removal operations to be concentrated at the base stations in the network. 

As a generalization of the spreading concept to multiple access transceivers, a separate set 
of spreading gains (gki(m)) can be used to spread the data symbols intended for user m in the 

15 multi-user transceiver. 

Fig. 12 shows an all-digital fully-adaptive despread and beam-forming receiver 320. For 
a background of this technology see, Tsoulos, et al., "Application of Adaptive Antenna 
Technology to Third Generation Mixed Cell Radio Architectures," March 1994, IEEE #1- 
7803-1927, pp. 615-619. A frame reception command from a receiver navigation and coding 

20 system 322 causes a signal demodulator 324 to collect and convert from analog to digital a 
series of Tg^^-lo^g transmit frames from a K^^^y of array antennas 326, where Tg^te is the time 
duration spanned by Kg^te samples. This includes a Tgy^rd-long guard time slot to account for the 
unknown propagation delay between the transmit and receive links (Tg^t^ = T^^^^^^ + Tg^^j), where 
Tpacket is the time span of the packet and Tgu^rd is the time interval spanned by K^^^^ samples. 

25 A Kgate-long digitized data frame is output from each ADC and is then passed to a windowed, 
zero-padded sparse FFT 328 that converts the packets to the frequency domain with each tone 
separated by an integer number of FFT bins. 

The FFT bins are passed to a demultiplexer 330 which removes any unused FFT bins from 
the received data set, and groups the remaining bins into KcenX(Ksp,ead-Kar^y) data matrices 

30 containing the tones received over each transmitted spreading cell, where Kspread is the frequency 
spread factor, K^eii is the number of symbols per pre-spread data cell, and is the number 
of antennas. Each of the spread data cells are passed through a bank of linear combiners 332 
that remove the co-channel interference covering each cell and despreads the original baseband 
symbol tones from the received data set. The combiner weights are adapted using a code-gated 
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self-coherence restoral method that simultaneously despreads the received data signal and does 
frequency-dependent multi-antenna reception and spatial filtering of the spread signal-of-interest. 

The combiner weights are used to construct a set of transmit weights to be used in any 
subsequent return transmission. Such tones are then passed to a delay and Doppler equalization 
5 unit 334 that estimates and removes the Doppler shift (non-integer FFT bin-shift) and message 
propagation delay (phase precession) from the received data set. A symbol demodulator 336 
estimates the transmitted message symbols. 

As a consequence, the received data packet transmitted from each user is despread and 
extracted from the received interference environment. The processor does not require fine 
10 timing/carrier sync to the transmitter until after the baseband signal has been despread with a 
high signal-to-interference-and-noise ratio, even in the presence of strong noise and co-channel 
interference. 

The K^eH symbols transmitted from user m are extracted from the channel at the receiver 
by weighting each of the K^en tones received on frequency cell k and antenna 1 by the same 

15 complex despreading weights Wj,j(m), and then adding the cells together on a tone-by-tone basis, 
such that tone q in each received frequency cell is summed over all of the K^p^ga^ Kan^y frequency 
cells and antennas used by the system. 

Each multi-element transceiver preferably has the minimum number of combined spatial 
and spectral degrees of freedom Kajjay-Ksp^ejy, to successfully null any non-stacked carrier 

20 interference sources invading on each frequency cell. Any excess remaining degrees of freedom 
are used to improve the SINR of the despread baseband signal or to separate overlapping 
stacked carrier signals. The multi-element despreader weights are then adjusted to maximize the 
power of the despread baseband signals. This leads to code nulling solutions that can be 
considerably more powerful than conventional methods of despreading. The ideal despreader 

25 adjusts the despread weights to null non-stacked-carrier interference sources down to a noise 
floor over each frequency cell, and simultaneously enhances the SINR of the despread signals. 
The multi-element despreader also preferably directs significantly weaker nulls against 
interference sources with weaker radio signals in a given frequency cell. Soft nulls can 
therefore be directed at interference sources received with weaker power in a given frequency 

30 cell. For example, a weaker null can be directed at the far edge of an interference source 
passband, if the interference source spectrum has a particularly weak value at those frequencies. 

In general, the despreader weights including adaptive antenna arrays significantly improves 
the quality and capability of the signal transmission and reception operation. For the receiver 
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side of a system, blind or non-calibrated methods can be used to direct near-optimal beams at 
signals-of-interest, and to simultaneously direct nulls at jamming signals. 

In.generai, the despreading weights arc adjusted to maximize the signal-to-interference-and- 
noise ratio (SINR) of the despread baseband signals, e.g., estimated data symbols. This 
5 typically results in a set of code-nulling despreading weights that are significantly different than 
the spreading gains used to spread the baseband signals at the other ends of the link. In particu- 
lar, such resultant despreading weights will simultaneously remove channel distortion, such as 
selective gains and fades caused by muitipath. Despreading provides an optimum tradeoff 
between nulling interferers received by the transceiver, by maximizing signal-to-interference 

10 ratio, and maximizing the signal-to-noise ratio (SNR) of the despreader. The despreading codes 
in conventional DSSS and CDMA communication systems are set equal to the spreading codes 
at the other ends of the link and only maximize the SNR of the despread baseband signals. 

Such operation is performed blindly in the preferred embodiments of the invention, the 
transmit spreading gains and channel distortions are not known at the despreader. This simplifies 

15 the protocols used within the network by allowing use of unknown spreading gains at the trans- 
ceivers in the network. This also allows the use of adaptively determined spreading gains that 
are continually optimized to mitigate the noise, interference, and channel distortion encountered 
by the transceiver over the course of a transmission. 

Such approach provides an upgrade to multi-element SCMA or SCSS transceivers using 

20 antenna arrays, by not requiring any qualitative change in the spreading, despreading, or gain/ 
weight adaptation algorithms. A difference lies in the multi-element transceiver in the 
dimension of the multi-element spreading and despreading operations. However, the multi- 
element transceiver has greater capacity due to the larger degrees of freedom that it can use to 
separate SCSS signals. The range and/or immunity to intercept by radiometric detection means 

25 is increased due to its ability to steer spatial beams at other communicators in the network. The 
immunity to jamming from non-SCSS signals is also improved due to the ability to spatially 
null such signals, even if they are arriving from over broad frequency ranges. 

Rapid-convergence methods that function over single data packets can also be combined 
with frequency-channelized signals-of-interest or processor structures to allow frequency- 

30 selective nulling of the interference source signals without the need for array calibration data 
or the need to know or estimate the direction-of-arrival of the signal-of-interest or interference 
source signals. The system 10 (Fig. 1) can therefore detect and demodulate data packets in 
highly dynamic environments where the channel geometry is changing significantly between 
packets. As such, a processor could operate in the typical overloaded environments where the 
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number of interferers are not less than the number of antennas in the antenna array for the 
receiver. 

On the transmitter side of a system, directive or retrodirective adaptation methods can be 

used to either direct returning signals-of-interest back to the transmit source with maximum 
5 power and/or minimum transmit radio signals (directive mode), or to jointly direct the returning 

signals-of-interest back to the transmit source with minimum radiation in the direction of the 

interfering sources (retrodirective mode). 

The directive mode is useful in applications where compatibility with non-SCSS interferers 

is not a primary concem to the communicator, or where interference transmission and reception 
10 platforms are not likely to be placed in the same location. This mode is also useful in 

applications where the communication platform is subject to heavy non-SCSS interference, such 

that maximum power must be delivered to the other end of the communication link. 

Processors can be used to accurately measure the received signal-of-interest steering vector 

and direct a maximal beam back to the other end of the communication link without knowledge 
15 of the received signal-of-interest direction-of-arrival, even though the interference sources 

completely cover the signal-of-interest passband and packet interval. The system 10 (Fig. 1) 

preferably delivers a factor-of-Kaj^ay more power to the other end of the communication link, 

providing the system with additional immunity to any jamming. This can be accomplished even 

if the other end of the communication link is transmitting and receiving over a single antenna. 
20 Conversely, the system 10 (Fig. 1) can maintain the communication link using a factor-of-Kajjay 

less power. This reduces the geographical area within which the system can be detected by 

adversaries by a factor of K^^y. 

The retrodirective mode, embodied in Figs. 6A and 6B as retro-adapters 136 and 148, is 

useful in applications where interceptors are placed in the same location with the interference 
25 sources, e.g., in order to assess the effectiveness of the jamming strategy. This strategy is most 

useful in underloaded environments where broadband nulls can be directed at the interference 

sources. 

Fig. 13 illustrates a single-frame digital multitone (DMT) modulation and spreading format 
340. The format 340 is used for an example environment with K^eu = 6 and K^^^^ = 4, and 
30 with each spreading cell separated by two FFT bins, so K^^c& = 2. The six data bits to be 
transmitted are first transformed to a set of ±1 data symbols. The symbols energize six 
baseband FFT bins that are replicated over four cells of FFT bins, e.g., spreading cells, with a 
separate complex weighting g^ on each cell. The complex weights are the spreading gains, and 
are randomly or pseudo-randomly set over each data packet. The spreading is performed in the 
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frequency domain by multiplying the time-domain representation of the baseband signal by a 
set of superimposed, or stacked, complex sinusoid carrier waves. In practice, the spreading is 
done by simply energizing the bins of a large FFT, at a considerable savings in computational 
complexity for moderate output FFT sizes, A Kaiser-Bessel window with B = 9 is used in this 
5 invention to "fill out" the space between the tones without subjecting those tones to 
unacceptable interference from adjacent tones, e.g., intertone interference. In particular, the high 
value of 6 provides acceptable interference between adjacent tones and extremely low 
interference between farther-out tones. 

Non-blind or calibrated techniques use a knowledge of the baseband data sequence or 

10 channel distortion and spreading gains to develop ideal weights based on optimum signal 
estimation methods; for example, least-squares techniques. Blind or non-calibrated techniques 
use more general properties of the baseband data signals to adapt the despreading weights. 
Mixtures of these techniques that use known and unknown components of the baseband signal 
and/or the transmission channel can also by used to construct an effective solution. Examples 

15 of blind techniques that are particularly useful include constant-modulus, multiple-modulus, and 
decision-direction techniques. Such use properties of the message symbol constellation to adapt 
the despreading weights. A number of methods can be used to adapt multi-element despreader 
weights in the demodulator 332 (Fig. 12). First, there are dominant-mode prediction (DMP) 
methods which take advantage of the known packet arrival times or known spreading parameters 

20 of the discrete multitone stacked carrier signal. Second, there are code-gated self-coherence 
restoral (SCORE) methods, which take advantage of the known self-coherence, or non-zero 
correlation between the spectrally separated signal components, in the discrete multitone stacked 
carrier signal. 

Of these two basic kinds, the self-coherence restoral technique has the greatest utility for 
25 single-packet acquisition and detection of the discrete multitone stacked carrier signals. 

Conventional spectral and other types of self-coherence restoral take advantage of the 
known spectral and/or conjugate self-coherence property. This is a non-zero correlation between 
frequency-shifted and/or conjugated components of a given conununication signal. Blind 
methods do not require any prior knowledge of the content of the signals-of-interest or their 
30 directions-of-arrival. So no specific receiver calibration information is needed to train the 
antenna array for the receiver. Instead, the blind method uses its own local knowledge of the 
specific frequency-shifts that the signals-of-interest are correlated over. See, B. Agee, S. Schell, 
W. Gardner, "Self-Coherence Restoral: A New Approach to Blind Adaptation of Antenna 
Arrays," in Proceedings of the Twenty-First Asilomar Conference on Signals, Systems and 
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Computers, 1987. And see, B. Agee, S. Schell, W. Gardner, "Self-Coherence Restoral: A New 
Approach to Blind Adaptive Signal Extraction Using Antenna Arrays," IEEE Proceedings, 
Vol, 78, No. 4, pp. 753-767, April 1990. See also, B. Agee, "The Property Restoral Approach 
to Blind Adaptive Signal Extraction," Ph.D. Dissertation, University of California, Davis, CA, 
5 1989. 

In a double side band amplitude modulated signal, the reai-IF representation of any such 
signal possesses conjugate symmetry about both its carrier frequency, due to the double side 
band amplitude modulated modulation format, and DC, due to the reaHF representation. These 
symmetries offset each other, causing the negative and positive frequency components of the 

10 signal to be equal to each other. This perfect spectral self-coherence is observed by computing 
the correlation coefficient between the double side band amplitude modulated signal-of-interest 
and a replica of itself that is frequency-shifted by twice the carrier. The frequency-shift operator 
mixes the negative frequency components to the frequency band occupied by the positive 
frequency components, causing the correlation coefficient to possess a non-zero value. Such 

15 non-zero value occurs only when this value of frequency shift is applied to the replica. The 
correlation coefficient is less than unity in this example. A unity correlation coefficient is 
obtained by filtering out the extraneous non-overlapping signal-of-interest radio signals in the 
original and frequency-shifted double side band amplitude modulated signals. 

In Fig. 14, a cross-self-coherence restoral (SCORE) processor 350 is used to do a restora- 

20 tion that is applied to a multi-antenna received data signal x(t). The processor 350 first passes 
the received data through a series of filtering, frequency-shifting, and, optional, conjugation 
operators, resulting in a signal u(t) that is only correlated with the signals targeted by the 
processor. The original and processed signals x(t) = u(t) are then passed through a pair of 
beam-and-nuU steerers (linear element combiners) 352 and 354 that are adapted to maximize 

25 the correlation coefficient between the combiner output signals y(t) = w"x(t) and r(t) = c"u(t). 
The control parameters used to target the processor are the filter operator, typically set to a 
delay operator, frequency-shift value a, and conjugation flag (*). The processor parameters are 
set to values that yield strong correlation coefficients in the absence of interference, e.g., in the 
transmitted signal of interest to the processor. 

30 Figs. 15 and 16 show the code gating operation used in the general code-gated SCORE 

operation. Certain code-gating configurations require some significant modification to the 
spreader and despreader data flow, and therefore structure. These illustrate one method for 
enabling the code-gated SCORE despreader adaptation algorithm described herein. Other 
methods exist that apply the code-gating across packets or internally with frequency cells, rather 
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than across frequency cells. For example, by repeating the data symbols with a gating code 
applied across the K^^n baseband symbols over the even packets, and consequently do not affect 
the data flow through the spreader and despreader. 



• Partition tiie spreading cells Into K^^^ > 2 subsets, Kqcqre 
cells/subset 

— Kpart = ^spread' cells processed in individual subsets, 
KgQQPg = 1 cells/subset 



10 



15 



20 



25 



30 
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— Kpart = 2, cells separated, into even and odd subsets, 

/<SCORE = Kspread /2 Ceiis/SUbset 

-'<parf'<'scoRE = 'Spread sach case 

•Use same code key for every cell in subset: 

-c(n;Kp3rt/+k) = c(n;k), k=0, K^^^-^, /=0 

^score""^ 

-Alternate form: c(n;k) = c(n ]{k)K^^^), k = 0, K^^^ead'^^ 
(k)/Cp^rt =modulo-Kp^^ of k 

Transmit over multiple SCSS subchannels (stacked-carrier 
multiple access), using different code keys with same structure on 
each subchannel 

—Allows separation of /<array''^scoRE SCSS subchannels per 
subset (code-nulling performed) 

—Enables higher data rates per user (multiple subchannels per 
user) 

—Enables multiple access communications (multiple users 
communicating with cell) 

—Enables rejection of Kscore"'' SCSS interferers (cellular 
communications) 

—Requires higher time bandwidth product to achieve same 
misadjustment level 

•In practice, Kpart adjusted to specific application 
Kpart = /^spread '"^ asynchronous point-to-point links, cellular 
overlay systems where non-SCSS interference high, fast 
convergence time important 

Kpart = 2 in point-to-multipoint links, SCMA systems where 
SCSS interference high 



Code-gated self-coherence restoral takes advantage of self-coherence information that has 
been deliberately added by the communication system to facilitate the adaptive spreader, but that 
40 cannot be discerned without access to the gating information in the communication netv^ork. 
Two code-gated SCORE methods are included in this invention. 
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A preferred self-coherence restoral method for multiple access communications includes 
applying unique code gating operations to the baseband message signals prior to the spreading 
operation, which is uniquely determined for each link in the system. For example, where the 
frequency cells are broken up into two subsets of cells, even and odd, with the code key applied 
5 over only the odd cells, as represented in Figs. 15 and 16. The data symbols are spread over the 
even cells using the method shown in Fig. 11, and related text. 

A similar spreading operation can be applied over the odd cells. However, the data 
symbols transmitted over these cells are first subjected to a code gating operation where they 
are multiplied by a constant modulus code key c(m) = [C4(m)] that is different for each user m 

10 in the network. This operation is reversed at the multiple access despreader. The odd 
frequency cells are multiplied by the conjugate of the code key c*(m) after the despreading 
operation, but before combining the outputs of the despreaders employed on the even and odd 
frequency cells. At the single-user (SCSS) transceiver, the code gating operation is only 
performed for the single code key employed by the SCSS transceiver. During single-packet 

15 acquisition operations, the despread (conjugated) code key is applied to each of the odd received 
frequency cells and on each of the transceiver antennas, that is, before the linear combining 
operation. 

The effect of the code gating operation is to cause the signal transmitted with that code key 
to have unity correlation coefficient between the even and odd frequency cells after the odd 

20 frequency cells are multiplied by the despread code key. Conversely, the same code gating 
operation will cause all of the other signals transmitted using different code keys to have low 
correlation coefficients between the even and odd frequency cells. This condition will hold 
regardless of the (assumed unknown) delay and Doppler shift inflicted on the received signals. 
The resultant signal can then be input directly to the cross-SCORE algorithm shown in Fig. 14, 

25 where x(t) is replaced by the even (not gated) frequency cells and u(t) is replaced by the odd 
(gated) frequency cells, and where t refers to the symbol index q = 1, ... ,Kj.ej, rather than a time 
index. The despreading weights are adapted to maximize the correlation coefficient between 
the outputs of the despread linear combiners applied to the even and odd frequency cells. 
Such method provides for unambiguous detection and despreading of any link in the 

30 network, based only on the known code key for that link. At the single-user SCSS transceivers, 
the transceiver despreads only the link that it is communicating over, without the need for 
additional operations to acquire the link and verify that it is carrying the correct signal. The 
link is automatically reacquired if it is temporarily lost due to adverse channel conditions, e.g., 
"port shuffling" that occurs over long transmissions. At the multi-user SCMA transceivers, the 
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method allows unambiguous detection, despreading, and identification of every link supported 
by the transceiver, without port swapping or shuffling as the channel conditions vary, based only 
on the known code keys used by the nodes linked to that transceiver. The code keys provide 
some privacy by the scrambling included in the code-gating operation. 
5 The basic code-gated SCORE method can also be generalized in many ways. In particular, 

code keys may be applied to the even as well as odd frequencies, in order to provide enhanced 
security and decorrelation between the frequency cells. The code gating may also be applied 
over time rather than frequency, by transmitting data symbols on consecutive packets with code 
gating omitted during the even packets and performed over all of the frequency cells during the 
10 odd packets. If the spreading codes are held constant over these pairs of packets, this approach 
allows the use of the more powerful auto-SCORE method to adapt the despreading weights. 



•More powerful algorithm allowed in some environments 
—Channel response approximated as identical or nearly 
identical (differs by complex scalar) on each spreading 
subset 

—Background interference approximated as identical on 

each spreading subset 

•Leads to maximum likelihood estimator 

—Spreading gains forced identical or nearly identical on 

each spreading subset 

—Despreading weights forced identical or nearly-identical 
on each spreading subset 

—Despreading weights set to dominant mode(s) of auto- 
SCORE eigenequation 

•Has advantages over cross-SCORE eigenequation 
—Lower complexity 

—Lower misadjustment at same time-bandwidth product 
—Forces max-SINR equal on each subset in network 
applications — no asymptotic misadjustment can occur 
•Some disadvantages 

Sensitive to modeling error if channel response truly 
unequal on each subset 

Requires tracking/removal of timing and/or Doppler during 
despreading operation (algorithm typically fairly simple) 



Larger numbers of frequency or packet subsets may also be used in the system, with a 
separate set of code keys employed over each subset. In this case, the despreader uses a 
40 generalization of the cross-SCORE method that derives from a super- vector interpretation of the 
cross-SCORE eigenequation. See, B. Agee, "The Property-Restoral Approach to Blind Adaptive 
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Signal Extraction," in Proc. 1989 CSI-ARO Workshop on Advanced Topics in Communications, 
May 1989, Ruidoso, NM; and, B. Agee, "The Property Restoral Approach to Blind Adaptive 
Signal Extraction," Ph.D. Dissertation, University of California, Davis, CA, June 1989. As the 
number of frequency subsets rises, the number of multiple access communications that can be 
5 supported by the transceiver drops, but the stability of the weight computation improves, and 
the noise reduction and nonstacked-carrier nulling capability of the algorithm remains 
unchanged. In the limit as the number of frequency subsets equals the spreading factor Ksp^ead- 
The code-gated-self-coherence restoral method extracts the signal-of-interest baseband 
directly from the channelized data super- vector, using the dominant mode of a multicell self- 

10 coherence restoral eigenequation. The method simultaneously does frequency-dependent spatial 
filtering, combines antenna elements within each cell on the spread signal-of-interest, and 
despreads the resultant data signal to combine the frequency cells. 

The code-gated-self-coherence restoral method can operate effectively at positive or negative 
receive SINRs, as long as the maximum attainable despread and beam-formed SINR of the 

15 received data packet is positive. The method adapts the antenna array as an intrinsic component 
of the despreading, linear combining, operator. The same method is used for arbitrary numbers 
of antennas, including single antenna systems where = one. The code-gated-self-coherence 
restoral method does not require a prior knowledge of the spreading gains or underlying 
message sequence at any point in its implementation. The method does not require a search over 

20 time or Doppler shifted frequency to despread a message sequence. 

The dominant eigenvalue of the code-gated-self-coherence restoral eigenequation provides 
for detecting new signal packets when the communication link is first opened. The receiver 
functions in an "on-demand" basis, returning pulses back to the other end when a packet is 
transmitted in the communication channel. 

25 Additional methods enhance or confirm detection of a discrete multitone stacked carrier data 

packet after the code-gated-self-coherence restoration. In particular, the detection reliability can 
be greatly enhanced by using the lesser eigenvalues of the code-gated-self-coherence restoral 
eigenequation to predict the mean and standard deviation of the maximum code-gated-self- 
coherence restoral eigenvalue. The true maximum eigenvalue is then decremented by the pre- 

30 dieted mean and scaled by the predicted standard deviation, resulting in a much stronger trend 
corrected detection statistic. 

Other methods use downstream despreading and demodulation operators to confirm packets 
detection during the code-gated-self-coherence restoration. 
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Initial Doppler recovery during acquisition of the first data packet uses a frequency-domain 
analog of a fractional-spaced equalizer by extracting the first data packet at the full remode of 
the receive-site FFT, and sub- sampling the resultant output signal down to the transmit-site 
frequency remode using a linear interpolation method. The linear combining weights re-sample 
5 the data to tone centers using some appropriate adaptation method. A least-squares property 
restoral algorithm, such as a constant modulus method, minimizes the variations in the modulus 
of the despread data symbols. The least-squares constant modulus method takes advantage of 
the property that the transmitted data tones have a constant modulus if they are generated using 
a BPSK modulation format, but this property is destroyed if the transmitted signal is subjected 
10 to a Doppler shift that is a non-integer multiple of the tone spacing. The least-squares constant 
modulus method restores this property to the despreader output signal. The overall technique 
operates in the presence of significant Doppler shifts and path delays. See, B. Agee, "The 
Least-Squares CMA: A New Approach to Rapid Correction of Constant Modulus Signals," in 
Proc. 1986, International Conference on Acoustics, Speech and Signal Processing, Vol. 2, pg. 
15 19.2.1, April 1986, Tokyo, Japan. 

Two general methods are useful in generating the antenna array weights for data 
transmission. Retrodirective transmission sets the transmit weights proportional to the 
conjugated receive weights, and the directive mode sets the transmit weights proportional to the 
conjugated packet steering vectors. The retrodirective mode is well suited to commercial 
20 telecommunications and military intraflight communication applications where the interfering 
signals may be the other members in a multipoint communication network. 

The directive mode is most useful in applications where the covert nature is of primary 
concern to the communicator and the jamming and interception platforms are not likely to be 
placed in the same location. This mode is useful in applications where the communication 
25 platform is subject to heavy interferences, such that maximum power must be delivered to the 
other end of the communication link in order to communicate in the presence of the interfering 
radio emissions. However, this method does not possess the attractive property of directing 
energy away from other interferers in cooperative communication networks. 

The directive mode also constitutes a multiplier adaption strategy that can greatly simplify 
30 the complexity of the despreader if large spectral spreading factors are employed by the airlink. 

The retrodirective transmission mode is illustrated herein. The retrodirective mode sets the 
transmitter antenna array weights equal to the conjugated array weights computed during signal 
reception. If the transmit and receive operators are done over the same frequency band and any 
internal differences between the transmit and receive paths are equalized, then the transmitter 
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antenna array will have the same gain pattern as the antenna array for the receiver. The 
transmitter antenna array will estimate the direction of nulls in the direction of any interferers 
that were present during signal reception. The null depths to use for each are determined by the 
relative strength of the received interferers. 
5 Throughout here, is a K^^^y ^ ^ dimensional vector, and represents the multi-element 

spreading vectors employed at transmit over frequency cell "k". The multi-element despreading 
vectors used at the receiver over frequency cell "k" is represented by w^ is also a K^^y ^ 1 
dimensional vector. 

Embodiments of the present invention are preferably configured to provide frequency 

10 selective transmit weights by spreading the transmit packet using a different set of K^^^ x 1 
spreading (gk) weights over each spreading cell. This sets the frequency-selective retrodirective 
transmit weights, by setting the (multi-element) spreading gain g^ proportional to the K^^^^y x 1 
linear combiner despreading weights w^ employed over each frequency cell during signal 
reception such that g^ = A^w^*. This mode is especially effective in environments dominated by 

15 broadband interference sources, since the resultant null depths will be limited by the antenna 
array dispersion realized over each frequency cell. In this case, the processor will null the 
interference source over frequency as well as space. The transmitter antenna array only nulls 
each interference source over the frequency cells occupied by that inference source. This is fine 
for receiving a signal-of-interest packet, but it is ineffective for transmitting a packet if the goal 

20 is to direct packet radio signals away from interference source locations over the entire packet 
passband. Such a goal cannot be met by any means if the number of partial-band interference 
sources equals or exceeds the number of elements in the antenna array. 

The directive transmission mode sets the transmitter antenna array weights equal to the 
(conjugated) K^i^ay ^ 1 packet steering vector. If the transmit and receive operators are done 

25 over the same frequency band, with appropriate equalization of any differences between the 
transmit and receive paths past the transmit/receive switch, then the resultant antenna array will 
direct maximum radio energy to the other end of the communication link or close the link with 
minimum transmit radio energy. The directive array typically ignores the locations of the 
interference sources, e.g., it implicitly assumes that the interceptors are anywhere in the field 

30 of view of the communication link. 

The directive method can be implemented on a frequency-selective basis in the present 
invention. This can provide some benefit in exceptionally wideband communication links, e.g., 
due to large values of K^pread or over highly dispersive communication channels where the packet 
steering vector changes significantly over the packet passband. However, this is unimportant 



wo 00/1 1823 PCT/US98/17063 

-30- 

because the maximum power mode is not strongly degraded by minor errors in the packet 
steering vector. 

Such estimation error can be large if the communication link is heavily jammed, or if the 
packet steering vector must be estimated over short communication intervals, e.g., single 
5 packets. In particular, an overly simple method can cause the directive transmitter antenna array 
to point strong beams of transmission energy at the interference sources in the environment. A 
directive transmission method or packet steering vector estimator needs to be simple enough to 
implement inexpensively, but sophisticated enough to reliably operate under expected ranges 
of jamming and transmission scenarios. 

10 Three general steering vector estimation methods are preferred. First, correlative methods, 

which estimate the packet steering vector using the correlation between the received and 
estimated packet data. Second, multicell ML-like methods, which estimate the packet steering 
vector using the maximum-likelihood (ML) estimator obtaining under appropriate simplifying 
conditions and in the presence of frequency-channelized (multicell) data. And third, parametric 

15 methods, which further refine the multicell estimators by constraining the packet steering vector 
using appropriate parametric models. 

The correlative method is the simplest method of the three to estimate the packet steering 
vector. A weakness of this method is seen by considering the estimate obtained in the presence 
of a single interference source, the estimate reduces to the packet steering vector plus the 

20 interference source steering vector scaled by the cross-correlation between the received 
interference source and packet signals. The time-bandwidth product (samples) required to reduce 
this cross-correlation to zero is much larger than the 1/S of the interference source signal, for 
example, 1,000,000 samples if the interference source is fifty dB stronger than the packet signal. 
As a consequence, this method is usually inadequate, 

25 The other two methods can overcome this limitation by using optimal maximum likelihood 

(ML) estimation procedures to estimate the packet steering vector. The resultant estimators can 
provide accurate steering vector estimators in the presence of broadband or partial-band 
interference sources, using simple (non-parametric) or sophisticated (parametric) steering vector 
models. Moreover, the performance of these estimators can be predicted using conventional 

30 Cramer-Rao bounds analysis. 

A useful performance bound is derived for any non-parametric steering vector estimate 
obtained in a multicell environment. The received data is partitioned into K^p^ead separate 
frequency cells, each containing a known (or estimated) packet baseband scaled by an unknown 
complex steering vector and corrupted by additive complex Gaussian interference. The steering 
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vector in the Pe cell is modeled by = a where "a" is the (frequency-independent) packet 
steering vector and is the scalar received single-antenna packet spreading gain obtaining over 
the k*^ spreading cell. The complex Gaussian interference is assumed to be independent from 

cell to cell, and temporally- white with mean zero and unknown autocorrelation matrix { ^ifcik } 

5 in the k^^ cell. 

The packet steering vector a is assumed to be an arbitrary complex of dimension K^^-^y 
vector of dimension K^ay» ^-g^ a is not constrained to adhere to any parameterized model set 
(for example, an array manifold parameterized with respect to azimuth and elevation). Steering 
vector estimates developed using this model are e.g., non-parametric techniques. See, H. Van 
10 Trees, Detection, Estimation, and Modulation Theory, Part I, New York: Wiley, 1968. Using 
Cramer-Rao bounding theory, any unbiased estimator of a will have an estimation accuracy 
(mean-squared error) bounded by the Cramer-Rao bound given. The matrix R is interpreted as 

a generalized "average" of the interference autocorrelation matrices \ i^^i^ j equal to the 

inverse of the averaged inverse autocorrelation matrices. 
15 In the preferred embodiment, the spatial steering vector a and the spectral spreading gains 

(gk) are iteratively computed using the formula 
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where Hj^h^ is the data autocorrelation matrix measured over an adaptation block at spectral 
cell k, and are the spatial component of the despreading weights employed at spectral cell 
k. The steering vector and spreading gains can also be used to compute improved despreading 
weights Wk, which can then be used in a multiple despreading procedure that performs spatial 
5 processing (linear combining at each frequency cell) followed by spectral processing (linear 
combining over frequency cells). 

The stacked-carrier spread spectrum radio communication devices shown in Figs. 1-14 in 
combination with code nulling techniques represent alternative embodiments of the invention. 
Code nulling interference cancellation techniques can be effectively combined with stacked- 

10 carrier spread spectrum techniques. For more on code nulling design, see, Brian Agee "Solving 
the Near-Far Problem: Exploitation of Spatial and Spectral Diversity in Wireless Personal 
Communication Networks," Wireless Personal Communications, edited by Theodore S. 
Rappaport, et al., Kluwer Academic Publishers, 1994, Ch. 7. And see, Sourour, et al., "Two 
Stage Co-channel Interference Cancellation in Orthogonal Multi-Carrier CDMA in a Frequency 

15 Selective Fading Channel," IEEE PIMRC '94, pp. 189-193. See further, Kondo, et al., 
"Multicarrier CDMA System with Co-channel Interference Cancellation," March 1994, IEEE, 
#0-7803-1927, pp. 1640-1644. 

The basic stacked-carrier spread spectrum radio communication devices shown in Figs. 1-14 
may be combined in multiple-access embodiments of the present invention that separate 

20 simultaneous independent channels by space, frequency and/or code, e.g., space division 
multiple access (SDMA), frequency division multiple access (FDMA), and code division 
multiple access (CDMA). 

In SDMA embodiments, antenna arrays are used that can be selectively directed in space, 
e.g., to establish a minimum of two zones. Each transmitter and receiver pair in a zone tunes 

25 its corresponding antenna array to embrace only the other one in its transmitter-receiver pair and 
to exclude other pairs in other zones that represent the other multiple access channels. 
Embodiments of the present invention distinguish themselves by combining SDMA techniques 
with stacked-carrier spread spectmm techniques. For more on SDMA design, see, Forssen, et 
al., "Adaptive Antenna Arrays for GSM900/DSC1800," March 1994, IEEE #0-7803-1927, 

30 pp. 605-609. And see, Talwar, et al., "Reception of Multiple Co-Channel Digital Signals using 
Antenna Arrays with Applications to PCS," 1994, IEEE #0-7803-1825, pp. 790-794. See 
further, Weis, et al., "A Novel Algorithm For Flexible Beam Forming for Adaptive Space 
Division Multiple Access Systems," IEEE PIMRC '94, pp. 729a-729e. The combination of 
CDMA with antenna arrays is addressed by, Naguib, et al., in "Performance of CDMA Cellular 
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Networks With Base-Station Antenna Arrays: The Downlink," 1994 IEEE, #0-7803-1825, 
pp. 795-799. And see, Xu, et al., "Experimental Studies of Space-Division-Multiple-Access 
Schemes for Spectral Efficient Wireless Communications," 1994 IEEE, #0-7803-1825, pp. 800- 
804. See further, M. Tangemann, "Influence of the User Mobility on the Spatial Multiplex Gain 
5 of an Adaptive SDMA System," IEEE PIMRC '94, pp. 745-749. 

In FDMA embodiments, subsets of the multiple carriers are used for each channel, e.g., a 
minimum of two subsets each having a minimum of two frequency diverse carriers to establish 
a minimum of two channels. Each transmitter and receiver pair in a zone tunes its 
corresponding carrier subset to exclude other carrier subsets that represent the other multiple 

10 access channels. Embodiments of the present invention distinguish themselves by combining 
FDMA techniques with stacked-carrier spread spectrum techniques. 

In CDMA embodiments, several spreading and despreading weights are used, one set for 
each channel. Such multiple access is used by navigation receivers in the global positioning 
system (GPS). Embodiments of the present invention distinguish themselves over the prior art 

15 by combining CDMA techniques with the stacked-carrier spread spectrum techniques illustrated 
in Figs. 1-14. For more on CDMA design in a multi-carrier environment, see, Fettweis, et al., 
"On Multi-Carrier Code Division Multiple Access (MC-CDMA) Modem Design," 1994 IEEE 
#0-7803-1927, pp. 1670-1674. And see, DaSilva, et al., "Multicarrier Orthogonal CDMA 
Signals for Quasi-Synchronous Conmiunication Systems," IEEE Journal on Selected Areas in 

20 Communication, Vol. 12, No. 5, June 1994. And also, Reiners, et al., "Multicarrier 
Transmission Technique in Cellular Mobile Communications Systems," March 1994, IEEE 
#0-7803-1927, pp. 1645-1649. Further see, Yee, et al., "Multi-Carrier CDMA in Indoor 
Wireless Radio Networks," IEEE Trans. Comm., Vol. E77-B, No. 7, July 1994, pp. 900-904. 
Using CDMA in the presence of fading channels is addressed by, Stefan Kaiser, "On the 

25 Performance of Different Detection Techniques for OFDM-CDMA in Fading Channels," 
Institute for Communication Technology, German Aerospace Research Establishment (DLR), 
Oberpfaffenhofen, Germany, 1994. And see. Chandler, et al., "An ATM-CDMA Air Interface 
For Mobile Personal Conmiunications," IEEE PIMRC '94, pp. 110-113. And further writing 
on this technology is, Chouly, et al., in "Orthogonal multicarrier techniques applied to direct 

30 sequence spread spectrum CDMA systems," 1993 IEEE, #0-7803-0917, pp. 1723-1728. 

A combination of multi-carrier CDMA and decorrelating interference cancellation is 
described by, Bar-Ness, et al., in "Synchronous Multi-User Multi-Carrier CDMA Communi- 
cation System With Decorrelating Interference Canceller," IEEE PIMRC '94, pp. 184-188. 
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A multiple access method for stacked-carrier spread spectrum radio communication 
comprises constructing at a transmitter stacked-carrier spreading gain from the complex 
amplitude and phase gain of a complex sinusoid for each of a plurality of discrete frequency 
channels. Then, spreading at the transmitter an arbitrary narrow -band baseband data with a 
5 vector multiplier and an inverse frequency channelizer. The next step is to simultaneously 
transmit from the transmitter the data after spreading over the plurality of discrete frequency 
channels with the stacked-carrier spreading gain. The receiver despreads the plurality of discrete 
frequency channels with a vector inner product linear combiner and frequency channelizer, so 
the arbitrary narrow-band baseband pre-spread data is recovered with relative immunity to 

10 channel interference. The frequency channels may be non-contiguous and distributed within 
multiple bands. Alternatively, the transmitting is such that the frequency channels overlap and 
include orthogonal frequency-division multiplex-like modulation formats. And alternatively, the 
transmitting of the data is in packets, wherein baseband data is spread, transmitted, and despread 
in discrete packets in an orthogonal frequency-division multiplex-like-based frequency 

15 channelizer structure. 

Packets may be overlapped, contiguous, or noncontiguous in time. The preferred 
embodiment sequentially transmits one or more packets after sequentially receiving one or more 
packets from the other end of the link. Sequential transmission and reception of multiple 
packets can allow asymmetric communications, e.g. by transporting more packets in one 

20 direction than the other, and can provide increased guard time between transmit and receive 
mode, for example to combat base-to-base interference problems in cellular communication 
networks. 

Combining discrete multiple tone orthogonal frequency-division multiplex-like and antenna 
array processing techniques with discrete multiple tone-stacked carrier and antenna array 

25 processing techniques takes advantage of dispersion-free properties of discrete multiple tones 
and discrete multiple tone-stacked carriers. A significant improvement in the performance of 
adaptive antenna arrays in any application requiring spatial interference cancellation is possible 
by eliminating the need to mitigate stationary and quasi-stationary linear dispersion ahead of the 
adaptive receiver (e.g., due to front-end receiver imperfections, non-zero array apertures, and 

30 fixed multipath scatterers and reflectors). This is particularly useful in cellular point- to- 
multipoint communication networks including space division multiple access (SDMA) topologies 
for communicating between multiple users on the same set of frequency channels, since each 
spatial processor must form (potentially) deep nulls in the direction of the interfering users 
within that cell. 
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Code division multiple-access (CDMA) transmits multiple signals over the same set of 
frequency channels using linearly independent (typically orthogonal) sets of spreading gains. 
These codes are separated at a despreader using appropriate combiner weights. 

Direct-sequence spread spectrum systems can benefit from space-division multiple-access 
5 type multiple access, interference excision, and channel equalization capability (code nulling 
technique). Code nulling has been applied to modulation-on-symbol direct-sequence spread 
spectrum (MOS-DSSS) or modulation-on-pulse direct- sequence spread spectrum (MOP-DSSS) 
formats where the period of the spreading gain is exactly equal to an integer number of message 
symbols (nominally one symbol interval). Code nulling may be usefully combined with stacked 

10 carrier modulation formats, e.g., for cancellation of spectrally redundant interferers in an 
HF/VHF frequency hopping intercept system. In the prior art, general frequency hopping 
intercept techniques including code nulling interference cancellation have been used with a 
stacked carrier signal simulating a troposcatter communication link. But this technique is 
extended by the present invention to point-to-point and point-to-multipoint communications 

15 where the intended communicators, as well as the interferers, include stacked-carrier spread 
spectrum modulation formats. For example, data-directed blind adaptation methods are further 
included to optimize the despreaders based on known properties of the traffic and pilot data 
transported by the communication systems. 

The present invention combines stacked-carrier spread spectrum-based communications and 

20 code nulling based interference cancellation for a communication system with higher capacity, 
higher tolerance to channel distortion, and less reliance on correlation between spreading gains. 
Near-orthogonality is not required, and embodiments of the invention have less sensitivity to 
narrow-band interference or other system member stacked-carrier spread spectrum signals. Such 
effects are optimized when code nulling based interference cancellation is combined in a 

25 stacked-carrier spread spectrum communication network. In particular, a stacked-carrier spread 
spectrum communication link including code nulling based interference cancellation can support 
twice as many links as the equivalent modulation-on-symbol-direct-sequence spread spectrum 
system, given the same spreading gain and code nuUer (linear combiner) complexity. 

The invention combines code nulling based interference cancellation and data-directed 

30 methods used to adapt the despreaders in the network. Such combination provides a system with 
significant advantages over competing methods for point-to-point and point-to-multipoint 
(multiple access) communications. Such systems can take advantage of a fiill time-bandwidth 
product of the communication system, thereby reducing the acquisition and tracking time of the 
despreaders in the system. Such systems also despread and demodulate intended stacked-carrier 
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spread spectrum signals of interest to the despreader, without knowledge of the spreading gains 
included at the signal transmitters (blind despreading property), thereby simplifying or 
eliminating the code selection strategy used in the network, and allowing the use of 
retrodirective techniques that optimize the spreading gain based on the communication channel 
5 and network. Null interfering (in-cell or out-of-cell) stacked-carrier spread spectrum signals are 
received by the despreader, without knowledge of the spreading gains or content of the 
interfering signals, thereby providing significant complexity improvements over (typically 
nonlinear) sequential methods that must demodulate and re-modulate the interferers as well as 
the signals of interest to the receiver. Automatic compensation is provided for stationary linear 

10 channel dispersion, including dispersive effects induced within the system front-end, without 
knowledge or actual estimation of the channel dispersion, thereby reducing the complexity of 
the despreading methods as well as the system hardware. 

Code nulling extends to spatial processing techniques, and facilitates the use of 
retrodirective transmission methods to greatly improve the performance and cost efficiency of 

15 the overall network. 

Combining code nulling and spatial processing techniques with adaptive antenna arrays for 
beam-steering improves the range of an otherwise conventional communication transceiver. The 
combination can also increase the capacity of a multicell network by reducing the interference 
presented to adjacent cells. The null-steering for interference cancellation improves the capacity 

20 of a conmiunication network by allowing tighter packing. The tighter packing is made possible 
by separating the frequency-coincident in-cell users in space-division multiple access topologies. 
Antenna arrays can be combined with code nulling techniques in a straightforward manner by 
increasing the code-nuUer dimensions to combine spatial channels as well as time channels, e.g., 
in MOS-DSSS systems, or by increasing the code-nuller dimensions to combine spatial channels 

25 as well as frequency channels, e.g., in stacked-carrier spread spectrum systems. 

The stacked-carrier spread spectrum modulation format allows a despreader to reduce the 
stacked-carrier spread spectrum spreading gain as the number of spatial channels grows, in order 
to keep the complexity of the code nuUer constant as a function of the number of antenna 
elements. This provides constant data-directed receiver adaptation time. The linear complexity 

30 growths as the number of antenna and users in the communication link grows. And, the spatial 
distribution of users is reduced as the number of antenna beams grows. 

The combination of code nulling data-directed-adaption retrodirective transmission 
techniques and stacked-carrier spread spectram modulation provides a superior communications 
mode. Point-to-point, as well as point-to-multipoint communication links, have increased user 
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capacity, range, power and/or cost efficiencies that exceed those for fiill channel preemphasis 
methods. 

Combining stacked-carrier spread spectrum and adaptive antenna array processing helps to 
remove spatially coherent interference, e.g., in cellular stacked-carrier spread spectrum networks 
5 where the interferers can be other member signals in the network, and where multi-element 
antenna arrays are used mainly at the base stations in the network. 

In Fig. 17 a time-frequency format example of a time-division duplex communication 
system is shown. 

Fig, 18 shows an active tone format of a basic DMT modem. 
10 In Fig. 19 a transmit/receive calibration method is shown. There are two separate modes 

for system calibration and compensation. SCSS cal signal injected into a receiver at cal switch, 
measures the receive path dispersion. SCSS cal signal routed through a transmit modulator to 
the output receiver through transfer switch measures combined transmit and receive path 
dispersion. Transmit path is derived from combined receive and transmit cal data. Compen- 
15 sation is performed in DSP back-end by transmitting and processing SCSS cal waveform. 

Fig. 20 diagrams an integrated single-antenna T/R and DMT modem (DMT based SCMA). 

Fig. 21 is a diagram of a general example single-link code-gated cross-SCORE spreading 
operation. It is a preferred mode for single-link processing. It allows the use of a cross-SCORE 
algorithm with the fastest convergence time (lowest TBP). It is unaffected by timing and 
20 Doppler offset. It can reliably remove K^^^y interferers within each cell. It can separate K^^y 
SCSS signals. Its deficiencies are that it cannot reliably separate > K^^^y SCSS signals (code 
nulling not performed) and it misadjusts relative to max-SINR solution in highly frequency- 
variant environments. 

Fig. 22 is an example of a single-link code-gated cross-SCORE despreading operation with 
25 Ksp,ead cell subsets. 

Fig. 23 is an example of a single-link cross-SCORE algorithm with Nf^^j^ packets/adapt 
frame. Despreader weights are computed from the dominant mode of multiset cross-SCORE 
eigenequation. 

Fig. 24 is an example of single adapt frame autocorrelation statistics computation. 
30 Fig. 25 is an example of cross-SCORE eigenequation with K^pread cell subsets. Despreader 

weights are computed from the dominant mode of multiset cross-SCORE eigenequation. 
Fig. 26 is an example of a code key generator with Kpj^ < K^p^gad ^^^1 subsets. 
Fig. 27 is an example of an equivalent code key applicator with Kp^^ < K^^,^^ cell subsets. 
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Fig. 28 is an example of cross-SCORE eigenequation with Kp^^ ceil subsets. Despreader 
weights are computed from dominant mode of multiset cross-SCORE eigenequation. 

Fig. 29 is an example of cross-SCORE eigenequation with two cell subsets. Despreader 
weights are computed from dominant mode of multiset cross-SCORE eigenequation. 
5 Fig. 30 is an example of a multi-link code-gated cross-SCORE spreader. It is an improved 

mode for multi-link processing. It allows tailoring of cross-SCORE convergence time to SCSS 
interference conditions. It is unaffected by timing and Doppler offset. It can reliably remove 
K^ay interferers within each cell. It can separate • Ks^ore SCSS signals. Its deficiencies are 
that it cannot reliably separate > K^rray • ^scok SCSS signals (incomplete code nulling) and it 
10 misadjusts relative to max-STAR solution in highly frequency- variant environments. 

Fig. 31 is an example of single-link code-gated auto-SCORE spreading operation with 
gating over frequency and two cell subsets. It is a preferred mode for high-mobility systems. 
It can separate K^^y • K^^ore SCSS links. It can remove IC^^^y non-SCSS interferers within each 
cell. It is unaffected by timing and Doppler offset. Its deficiencies are it cannot separate 
15 > Kgcore SCSS links and requires (simple) timing tracking as part of the despreading algorithm. 

Fig. 32 is an example of single-link code-gated auto-SCORE despreading operation with 
gating over frequency and two cell subsets. 

Fig. 33 is an example of auto-SCORE eigenequation with gating over frequency and two 
cell subsets. 

20 Fig. 34 is an example of single-link code-gated auto-SCORE spreading with gating over 

time and a rate one-half of redundancy gate. It is the preferred mode for low-mobility systems. 
It can separate • K^p^ead SCSS links. It can remove K^n-ay non-SCSS interferers within each 
cell. It is unaffected by timing and Doppler offset. Three dB SNR gain is provided at the 
despreader. Its deficiencies are that it cuts capacity in half and requires (simple) Doppler 

25 tracking as part of the despreading algorithm. 

Fig. 35 is an example of single-link code-gated auto-SCORE despreading with gating over 
time and a rate one-half of redundancy gate. 

In summary, adaptive antenna arrays can be used to increase network system capacity by 
beam-steering, null-steering, or combined beam-and-nuU steering. Such null steering or 

30 combined beam and null steering technologies are combined in this invention with DMT/OFDM 
frequency channelizers outside of the channelizers use as SCSS spreaders/despreaders. 

Although the present invention has been described in terms of the presently preferred 
embodiments, it is to be understood that the disclosure is not to be interpreted as limiting. 
Various alterations and modifications will no doubt become apparent to those skilled in the art 



wo 00/1 1823 PCT/US98/17063 

-39- 

after having read the above disclosure. Accordingly, it is intended that the appended claims are 
interpreted as covering all alterations and modifications as fall within the true spirit and scope 
of the invention. 
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1. A multiple access communication system, comprising: 

at least one radio transmitter for transmitting a plurality of radio frequency (RF) carriers; 

at least one radio receiver for receiving said at least one subset of at least two of said 
plurality of radio frequency carriers; 

at least one spreader connected to each of the transmitters for independently and 
redundantly modulating the amplitude and phase of at least two of said (RF) carriers with a first 
digital spreading gain and first data; 

at least one despreader connected to each of the receivers for independently demodulating 
the amplitude and phase of at least two of said (RF) carriers with said first digital spreading 
gain to recover said first data; and 

multiple access means connected to the transmitters, receivers, spreaders and despreaders 
for providing separate channels of communication by at least one of space-division multiple 
access (SDMA), frequency-division multiple access (FDMA) and code-division multiple access 
(CDMA). 

2. The system of claim 1, wherein: 

said SDMA further comprises an antenna array connected to said transmitters and receivers, 
and provides for selective data channel transmission and reception between pairs of transmitters 
and receivers according to their relative spatial positions. 

3. The system of claim 1, wherein: 

said FDMA further comprises a minimum number of radio frequency carriers to provide 
for at least two subsets of carriers for communicating additional data channels between pairs of 
transmitters and receivers according to matching subsets of said radio frequency carriers. 

4. The system of claim 1, wherein: 

said CDMA comprises including at least a second digital spreading gain and second data, 
and provides for communication of at least said first and second data between pairs of 
transmitters and receivers according to matching subsets of said digital spreading gains. 
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5. A radio transmitter system providing for spatial and frequency dispersion, comprising: 
an antenna system having "n" positive-integer number of individual antennas spatially 

distributed in a group and providing for as many as "n" positive-integer number of spatially 
distributed communication channels; 

a radio frequency amplifier bank having individual amplifiers connected to corresponding 
antennas of the antenna system wherein each amplifier has an adjustable gain to provide for a 
controlled steering of beams and nulls of radio frequency signal transmissions to said radially- 
distributed spatial communication channels; 

a discrete multitone stacked carrier spread spectrum transmit modulator connected to the 
amplifier bank and providing for a frequency-dispersed plurality of communication channels; 

a spreader having respective outputs connected to the modulator and a data input and 
providing for a spreading of data concurrently across all of said frequency-dispersed plurality 
of communication channels; and 

steering means connected to said radio frequency amplifier bank and providing for a 
selection of one of said "n" positive-integer number of radially-distributed spatial 
communication channels. 

6. The system of Claim 5, said system further providing for polarization dispersions wherein 
said individual antennas are further distributed in polarization. 

7. A radio receiver system providing for spatial and frequency dispersion, comprising: 

an antenna system having "n" positive-integer number of individual antennas spatially 
distributed in a group and providing for as many as "n" positive-integer number of radially- 
distributed spatial communication channels; 

a radio frequency amplifier bank having individual amplifiers connected to corresponding 
antennas of the antenna system and each amplifier having an adjustable gain which provides for 
a controlled steering of beams and nulls of radio frequency signal transmissions to said radially- 
distributed spatial communication channels; 

a discrete multitone stacked carrier spread spectrum demodulator connected to the amplifier 
bank and providing for a frequency-dispersed plurality of communication channels; 

a despreader having respective inputs connected to the demodulator and a data output and 
providing for a despreading of data included across all of said frequency-dispersed plurality of 
communication chamels; and 
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steering means connected to said radio frequency amplifier bank and providing for a 
selection of one of said "n" positive-integer number of radially-distributed spatial 
communication channels. 

8. The system of claim 6, further comprising: 

computational means for determining a radially-distributed spatial communication channel 
address of a target receiver. 

9. A multiple-access method for stacked-c£irrier spread spectrum radio communication, 
comprising the steps of: 

constructing at a transmitter a stacked-carrier spreading gain from the complex amplitude 
and phase gain of a complex sinusoid for each of a plurality of discrete frequency 
communication channels; 

spreading at said transmitter an arbitrary narrow-band baseband pre-spread data with a 
vector multiplier and an inverse frequency communication channelizer; 

simultaneously transmitting from said transmitter said data after spreading over said 
plurality of discrete frequency communication channels with said stacked-carrier spreading gain; 
and 

despreading said plurality of discrete frequency communication channels at a receiver with 
a vector inner product linear combiner and frequency communication channelizer, wherein said 
arbitrary narrow-band baseband pre-spread data is recovered with relative immunity to 
communication channel interference, 

10. The method of claim 9, wherein: 

said constructing is such that said frequency communication channels are non-contiguous 
and distributed within multiple bands. 

11. The method of claim 10, wherein: 

said simultaneously transmitting is such that said frequency communication channels 
overlap and include orthogonal frequency-division multiplex-like modulation formats. 

12. The method of claim 11, wherein: 

said simultaneously transmitting is such that said data is packetized, wherein baseband data 
is spread, transmitted, and despread in discrete packets in an orthogonal frequency-division 
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multipiex-like-based frequency communication channelizer structure, said packets being 
overlapped, contiguous, or non-contiguous in time. 



13. An interference cancellation method for stacked-carrier spread spectrum radio 
communication, comprising the steps of: 

constracting at a transmitter a stacked-carrier spreading gain from the complex amplitude 
and phase gain of a complex sinusoid for each of a plurality of discrete frequency 
communication channels; 

spreading at said transmitter an arbitrary narrow-band baseband pre-spread data with a 
vector multiplier and an inverse frequency communication channelizer; 

simultaneously transmitting from said transmitter said data after spreading over said 
plurality of discrete frequency communication channels with said stacked-carrier spreading gain; 

despreading said plurality of discrete frequency communication channels at a receiver with 
a vector inner product linear combiner and frequency communication channelizer, wherein said 
arbitrary narrow-band baseband pre-spread data is recovered with relative immunity to 
communication channel interference; and 

code nulling with interference cancellation means according to information obtained from 
the step of despreading. 

14, An adaptive antenna array method for stacked-carrier spread spectmm radio communication, 
comprising the steps of: 

constmcting at a transmitter a stacked-carrier spreading gain from the complex amplitude 
and phase gain of a complex sinusoid for each of a plurality of discrete frequency 
communication channels; 

spreading at said transmitter an arbitrary narrow-band baseband pre-spread data with a 
vector multiplier and an inverse frequency communication channelizer; 

simultaneously transmitting from said transmitter said data after spreading over said 
plurality of discrete frequency conununication channels with said stacked-carrier spreading gain; 

despreading said plurality of discrete frequency communication channels at a receiver with 
a vector inner product linear combiner and frequency communication channelizer, wherein said 
arbitrary narrow-band baseband pre-spread data is recovered with relative immunity to 
communication channel interference; and 

adjusting the gains of several amplifiers connected to an antenna array and said transmitter 
according to said despread baseband data. 
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15. A time-division duplex method for stacked-carrier spread spectrum radio communication, 
comprising the steps of: 

dividing time into time slots reserved for transmitting a first plurality of discrete frequency 
communication channels to a distant receiver and for receiving a second plurality of discrete 
frequency communication channels from a distant transmitter; 

constmcting at a proximal transmitter a stacked-carrier spreading gain from the complex 
amplitude and phase gain of a complex sinusoid for at least one of said first or second plurality 
of discrete frequency communication channels; 

spreading at said proximal transmitter an arbitrary narrow-band baseband pre-spread data 
with a vector multiplier and an inverse frequency communication channelizer; 

simultaneously transmitting from said proximal transmitter said data after spreading over 
said first plurality of discrete frequency communication channels with said stacked-carrier 
spreading gain; 

despreading said second plurality of discrete frequency communication channels at a 
proximal receiver with a vector inner product linear combiner and frequency communication 
channelizer, wherein said £irbitrary narrow-band baseband pre-spread data is recovered with 
relative immunity to communication channel interference; and 

controlling the step of dividing time with precision time information obtained from a timing 
signal source that is available to both said distant and proximal transmitters and both said distant 
and proximal receivers. 

16. The method of claim 15, wherein: 

the step of controlling includes receiving system time information from orbiting navigation 
satellites. 

17. A radio transmitter system, comprising: 

a multi-tone transmitter array for multi-spectral carrier signal transmission according to a 
spectral weight calculation by a computer that discriminates between a first plurality of 
individual remote receivers; and 

an antenna array connected to the transmitter array and that provides for spatial adjustments 
of the transmitted power of said multi-spectral carrier signal transmission according to a spatial 
weight calculation by a computer that discriminates between a second plurality individual 
remote receivers. 
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18. A radio receiver system, comprising: 

a multi-tone receiver array for multi-spectral carrier signal reception according to a spectral 
weight calculation by a computer that discriminates between a first plurality of individual 
remote transmitters; and 

an antenna array connected to the receiver array and that provides for spatial adjustments 
of the received power of said multi-spectral carrier signal reception according to a spatial weight 
calculation by a computer that discriminates between a second plurality individual remote 
transmitters. 

19. A radio communication system, comprising: 

a multi-tone transmitter array for multi-spectral carrier signal transmission according to a 
spectral weight calculation by a computer that discriminates between a first plurality of 
individual remote receivers; 

a first antenna array connected to the transmitter array and that provides for spatial 
adjustments of the transmitted power of said multi-spectral carrier signal transmission according 
to a spatial weight calculation by a computer that discriminates between a second plurality 
individual remote receivers; 

a multi-tone receiver array for multi-spectral carrier signal reception according to a spectral 
weight calculation by a computer that discriminates between a first plurality of individual 
remote transmitters; and 

a second antenna array connected to the receiver array and that provides for spatial 
adjustments of the received power of said multi-spectr£d carrier signal reception according to 
a spatial weight calculation by a computer that discriminates between a second plurality 
individual remote transmitters. 

20. The system of claim 19, further comprising: 

a computer connected to the transmitter array and first antenna array that provides for a 
single omnibus calculation of both the spectral weight and spatial weights. 

21. The system of claim 19, further comprising: 

a computer connected to the receiver array and second antenna array that provides for a 
single omnibus calculation of both the spectral weight and spatial weights. 
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22. The system of claim 19, further comprising: 

a computer connected to the transmitter array, the receiver array, the first antenna array, and 
the second antenna array and that provides for a single omnibus c£ilculation of both the spectral 
weight and spatial weights for use by the receiver array and second antenna array that repeats 
both the spectral weight and spatial weights for use by the transmitter array and first antenna 
array; 

wherein a particular spatial and spectral characteristic of said first and second plurality 
individual remote transmitters is exploited to optimize a retum transmission to said first and 
second plurality individual remote receivers. 

23. A method of recovering a digital communication signal that was spread and modulated onto 
each of a plurality of stacked carrier signals using a distinct spreading gain for each of said 
plurality of stacked carrier signals, transmitted across a wireless medium, and received at a 
receiver as a plurality of received stacked carrier signals, comprising the steps of: 

channelizing each of said received stacked carrier signals to identify a baseband signal for 
each of said received stacked-carrier signals, said received stacked carrier signals having a 
channel bandwidth that is separable from said channel bandwidth of other of said plurality of 
received stacked carrier signals; 

despreading by applying despread weights that are different than said spreading gains to 
each of said received baseband signals and combining said received baseband signals to obtain 
a baseband signal that compensates for interference and maximizes a signal to noise and 
interference ratio; and 

removing at least one of time distortion and frequency distortion that exists in said baseband 
signal to obtain a recovered digital communication signal that corresponds to said digital 
communication signal. 

24. A method according to claim 23 wherein said step of despreading blindly despreads said 
plurality of received stacked carrier signals. 

25. A method according to claim 24 wherein said blind despreading uses a dominant mode of 
a generalized eigenequation. 

26. A method according to claim 25 wherein said blind despreading uses dominant modes of 
a generalized eigenequation. 
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27. A method according to claim 26 wherein said eigenequation is a code gated self coherence 
restoral eigenequation. 

28. A method according to claim 25 wherein a maximum code gated self restoral eigenvalue 
of said generalized eigenequation is decremented by a predicted mean and scaled by a predicted 
standard deviation during said step of blind despreading. 

29. A method according to claim 23 wherein said steps of channelizing, despreading, and 
removing are each repeatedly performed on each of a sequential plurality of received stacked 
carrier signals to obtain a recovered sequential plurality of related digital communication signals. 

30. A method according to claim 29 wherein said sequential plurality of received stacked carrier 
signals are asynchronous. 

31. A method according to claim 29 wherein each of said sequential plurality of received 
stacked carrier signals are received during associated time division duplex intervals and a 
network clock is used to determine said time division duplex intervals, 

32. A method according to claim 29 wherein receive time duplex intervals are asymmetric with 
respect to transmit time duplex intervals. 

33. A method according to claim 31 wherein receive time duplex intervals are syrrmietric with 
respect to transmit time duplex intervals. 

34. A method according to claim 31 wherein said sequential plurality of received stacked carrier 
signals are received as a plurality of packets during a single time division duplex interval. 

35. A method according to claim 31 wherein said sequential plurality of received stacked carrier 
signals are received as a single packet during a single time division duplex interval. 

36. A method according to claim 31 wherein said network clock is derived from a universal 
time. 
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37. A method according to claim 31 wherein said network clock is derived from data within 
S£dd digital communication signal. 

38. A method according to claim 23 wherein second spreading gains for a second data 
communication signal transmitted as a second plurality of stacked carrier signals from said 
receiver are adaptively determined based upon said despread weights so that minimum radiation 
is directed at interfering frequencies. 

39. A method according to claim 38 wherein said second spreading gains are set proportional 
to conjugated despread weights so that a gain pattern of said second plurality of stacked carrier 
signals is substantially the same as the gain pattern of said plurality of stacked carrier signals. 

40. A method according to claim 23 wherein a plurality of recovered digital communication 
signals are simultaneously recovered from a plurality of received stacked carrier signals, each 
of said plurality of digital communication signals having an associated distinct code key that 
is used during said step of despreading to discriminate each of said plurality of received stacked 
carrier signals. 

41. A method according to claim 40 wherein each of said distinct code keys modulates only 
some of said plurality of received stacked carrier signals. 

42. A method according to claim 41 wherein each of said distinct code keys modulates one of 
even and odd received stacked carrier signals from said plurality of received stacked carrier 
signals. 

43. A method according to claim 23 wherein said digital communication signal is a plurality 
of symbols, and each of said symbols is modulated onto each of said plurality of stacked carrier 
signals at a different discrete tone. 

44. A method according to claim 23 wherein said digital communication signal is a plurality 
of bits, and each of said bits is modulated onto each of said plurality of stacked carrier signals 
at a different discrete tone. 



wo 00/11823 PCT/US98/17063 

-49- 

45. A method according to claim 23 wherein said time distortion is due to a doppler frequency 
offset. 



46. A method according to claim 23 wherein said frequency distortion is due to time dispersion. 

47. A method according to claim 23 wherein said frequency distortion is a propagation delay. 

48. A method according to claim 23 wherein said step of removing removes both time 
distortion and frequency distortion. 

49. A method according to claim 48 wherein said time distortion is due to a doppler frequency 
offset. 

50. A method according to claim 48 wherein said frequency distortion is due to time dispersion. 

51. A method according to claim 48 wherein said frequency distortion is a propagation delay. 

52. A method according to claim 48 wherein said frequency distortion is a propagation delay. 

53. A method according to claim 23 wherein said received stacked carrier signals contain a 
guard time interval to compensate for unknown propagation delay, and said method does not 
synchronize said received stacked carrier signals until said step of despreading is complete. 

54. A method according to claim 23 wherein said received stacked carrier signals contain a 
guard frequency band to compensate for unknown doppler frequency offset, and said method 
does not synchronize staid received stacked carrier signals until said step of despreading is 
complete. 

55. A method of recovering a digital communication signal that was spread using spreading 
gains when transmitted and received at a receiver as received signals comprising the steps of: 

despreading said received signals to obtain despread signals; and 

removing Doppler time delay from said despread signals to obtain a recovered digital 
communication signal that corresponds to said transmitted digital communication signal. 
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56. A method of recovering a plurality of transmitted symbol that was spread using distinct 
spreading gains, said symbol being received at a receiver as a plurality of discrete multiple tones 
having substantial frequency diversity, said method of recovering comprising the steps of: 

despreading each of said plurality of discrete multiple tones to obtain a plurality of despread 
multiple tones, each of said plurality of despread multiple tones corresponding to one of said 
plurality of symbols; and 

removing doppler time delay from said despread multiple tones obtain a recovered plurality 
of symbols corresponding to said transmitted plurality of symbols. 

57. A method according to claim 56 wherein said transmitted symbols were spread and 
modulated onto each of a plurality of stacked carrier signals using a distinct spreading gain for 
each of said plurality of stacked carrier signals, each of said plurality of stacked carrier signals 
having a channel bandwidth that is separable from said channel bandwidth of other of said 
plurality of stacked carrier signals. 

58. A method according to claim 57 wherein said step of despreading blindly despreads said 
plurality of received stacked carrier signals. 

59. A method according to claim 58 wherein said blind despreading uses a dominant mode of 
a generalized eigenequation. 

60. A method according to claim 58 wherein said blind despreading uses dominant modes of 
a generalized eigenequation. 

61 . A method according to claim 60 wherein said eigenequation is a code gated self coherence 
restoral eigenequation. 

62. A method according to claim 59 wherein a maximum code gated self restoral eigenvalue 
of said generalized eigenequation is decremented by a predicted mean and scaled by a predicted 
standard deviation during said step of blind despreading. 

63. A method of spreading a digital communication signal comprising the steps of: 
spectrally spreading said digital communication signal onto a plurality of stacked carrier 

signals to obtain a plurality of spectrally spread digital communication signals, each of said 
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plurality of stacked carrier signals having a channel bandwidth that is separable from said 
channel bandwidth of other of said plurality of stacked carrier signals; 

spatially spreading each of said plurality of spectrally spread digital communication signals 
to obtain a plurality of spatially and spectrally spread digital communication signals; and 

transmitting, from each antennae element of a multi-element antennae array, associated ones 
of said plurality of spatially and spectrally spread digital communication signals across a 
wireless medium to a receiver. 

64. A method of digitally communicating comprising the steps of: 

spreading, in a moving transmitter, digital information that was spread using distinct 
spreading gains onto each of a plurality of stacked carrier signals, each of said plurality of 
stacked carrier signals having a channel bandwidth that is separable from said channel 
bandwidth of other of said plurality of stacked carrier signals; 

transmitting each of said stacked carrier signals across a wireless medium from said moving 
transmitter to a receiver; 

receiving, at said receiver, said transmitted plurahty of stacked carrier signals as received 
stacked carrier signals; 

channelizing each of said received stacked carrier signals to identify a baseband signal for 
each of said received stacked carrier signals; 

despreading by applying despread weights that are different than said spreading gains to 
each of said received baseband signal and combining said received baseband signals to obtain 
a baseband signal that compensates for interference and maximizes a signal to noise and 
interference ratio; and 

processing said baseband signal to obtain recovered digital information that corresponds to 
said transmitted digital information, 

65. A method according to claim 64 wherein said processing step removes Doppler time delay 
from said baseband signal. 

66. A method according to claim 64 wherein: 

a plurality of moving transmitters each perform said step of spreading and transmitting said 
digital information, each moving transmitter spreading said digital information using a random 
distinct, non-orthogonal spreading gain to spread said digital information onto each of said 
plurality of stacked carrier signals; 
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said step of receiving said transmitted plurality of stacked carrier signals receives said 
transmitted stacked carrier signals from each of said transmitters at a receiver; 

said step of channelizing channelizes each of said received stacked carrier signals; 

said despreading step combines each of said separately channelized plurality of received 
stacked carrier signals to obtain, for each of said plurality of transmitters, one baseband signal 
corresponding to said digital information transmitted by one of said plurality of transmitters; and 

said step of processing processes each of said baseband signals to obtain said recovered 
digital communication signal that corresponds to said transmitted digital communication signal 
for each of said moving transmitters. 

67. A method according to claim 66 wherein said processing step removes Doppler time delay 
that exists in each of said baseband signals. 

68. A method according to cl£iim 67 wherein said plurality of moving transmitters are 
geographically separated and each present a distinct transmission path to said receiver. 

69. A method according to claim 67 wherein a multi-element antenna array is used at said 
receiver, different ones of said elements are used to differentiate zones, and space division 
multiple access is employed to differentiate different ones of said transmitters. 

70. A method according to claim 65 wherein frequency division multiple access is employed 
to differentiate different ones of said transmitters. 

71. A method according to claim 67 wherein code division multiple access is employed to 
differentiate different ones of said transmitters. 

72. A method according to claim 71 further including the step of modulating a distinct code 
key onto some of said plurality of stacked carrier signals associated with each of said 
transmitters. 

73. A method of digitally communicating comprising the steps of: 

spreading digital information, at a first station having a multi-element antenna array, using 
distinct spreading gains, onto each of a plurality of stacked carrier signals, each of said plurality 
of stacked carrier signals having a channel bandwidth that is separable from said channel 
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bandwidth of other of said plurality of stacked carrier signals and each of said antenna elements 
being used to transmit different ones of said stacked carrier signals; 

transmitting each of said stacked carrier signals across a wireless medium from said first 
station to a second station; 

receiving, at said second station using a second multi-element antenna array, said 
transmitted plurality of stacked carrier signals as received stacked carrier signals, each of said 
second antenna elements being used to receive different ones of said received stacked carrier 
signals; 

channelizing each of said received stacked carrier signals to identify a baseband signal for 
each of said received stacked carrier signals; and 

despreading by applying despread weights that are different than said spreading gains to 
each of said received baseband signal and combining said received baseband signals to obtain 
a baseband signal that compengates for interference and maximizes a signal to noise and 
interference ratio. 

74. A method according to claim 73 wherein second spreading gains for a second data 
communication signal transmitted as a second plurality of stacked carrier signals from said 
multi-element antennae array of said second station are adaptively determined based upon said 
despread weights so that minimum radiation is directed at interfering frequencies. 

75. A method according to claim 74 wherein said second spreading gains are set proportional 
to conjugated despread weights so that a gain pattern of said second plurality of stacked carrier 
signals is substantially the same as the gain pattern of said plurality of stacked carrier signals. 

76. A method according to claim 73 wherein second spreading gains for a second data 
communication signal transmitted from said multi-element antennae array of said second station 
are adaptively determined so that maximum radiation is directed to an intended station. 

77. A method according to claim 76 wherein said second spreading gains are adaptively 
determined using a combined spatial and spectral steering vector. 

78. A method according to claim 73 wherein each of said distinct spreading gains associated 
with each of said plurality of stacked carrier signals is linearly independent and non-orthogonal. 
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79. A method of digitally communicating comprising the steps of: 

spreading, at a first station, digital information onto each of a plurality of stacked carrier 
signals using a distinct spreading gain for each stacked carrier signal, each of said plurality of 
stacked carrier signals having a channel bandwidth that is separable from said channel 
bandwidth of other of said plurality of stacked carrier signals; 

transmitting each of said stacked carrier signals across a wireless medium from said first 
station to a second station; 

receiving, at said second station using a multi-element antenna array, said transmitted 
plurality of stacked carrier signals as received stacked carrier signals; 

channelizing on each element of said array each of said received stacked carrier signals to 
identify a baseband signal for each of said received stacked carrier signals; and 

despreading by applying despread weights that are different than said spreading gains to 
each of said received baseband signal and combining said received baseband signals to obtain 
a baseband signal that compensates for interference and maximizes a signal to noise and 
interference ratio, said despreading step using a linear combiner dimensionality which is 
composed of spectral dimensions and spatial dimensions. 

80. A method according to claim 79 wherein second spreading gains for a second data 
communication signal transmitted as a second plurality of stacked carrier signals from said 
multi-element antennae array of said second station are adaptively determined based upon said 
despread weights so that minimum radiation is directed at interfering frequencies. 

81. A method according to claim 80 wherein said second spreading gains are set proportional 
to conjugated despread weights so that a gain pattern of said second plurality of stacked carrier 
signals is substantially the same as the gain pattern of said plurality of stacked carrier signals. 

82. A method according to claim 79 wherein second spreading gains for a second data 
communication signal transmitted from said multi-element antennae array of said second station 
are adaptively determined so that maximum radiation is directed to an intended station. 

83. A method according to claim 82 wherein said second spreading gains are adaptively 
determined using a combined spatial and spectral steering vector. 
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84. A method according to claim 79 wherein said spatial and spectral dimensions is variable 
for a plurality of different ones of said first stations. 

85. A method according to claim 79 wherein each of said distinct spreading gains associated 
with each of said plurality of stacked carrier signals is linearly independent and non-orthogonal. 

86. A method of despreading a digital communication signal received at a receiver from across 
a wireless medium comprising the steps of: 

receiving, at each antennae element of a multi-element antennae array, a plurality of stacked 
carrier signals, each of said plurality of stacked carrier signals having a channel bandwidth that 
is separable from said channel bandwidth of other of said plurality of stacked carrier signals; 

spatially despreading said plurality of stacked carrier signals to obtain spatially despread 
digital communication signals; and 

spectrally despreading each of said plurality of spatially despread digital communication 
signals to obtain a spatially and spectrally despread digital communication signal. 
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pattern on a dedicated control channel, which is used for transmitting control information to the mobile station (base station). Control 
information transmitted from the base station to the mobile station includes Transport Format Combination Indicator (TFCI), Transmit 
Power Control (TPC), and a pilot symbol. Control information transmitted from the mobile station to the base station includes TFCI, 
TPC, a pilot symbol, and FeedBack Information (FBI) for information about a transmit diversity antenna system. In a downlink DPCCH, 
transmission of the TFCI, TPC and pilot symbol of the predetermined n slots out of total slots of frame can be transmitted discontinuously 
during gated transmission. Alternatively, transmission of a pilot symbol of the predetermined nth slots and TFCI and TPC of (n+l)th slots 
can be transmitted discontinuously. In an uplink DPCCH, transmission of all the TFCI, TPC, FBI and pilot symbol of a specific slot are 
transmitted discontinuously during gated transmission. In addition, transmission of TPC for power control can be continuously transmitted 
for full rate power control when the traffic data is for transmission. 
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APPARATUS AND METHOD FOR GATED TRANSMISSION 
IN A CDMA COMMUNICATION SYSTEM 

5 



BACKGROUND OF THE INVENTION 

10 

1 ■ Field of the Invention 

The present invention relates generally to a CDMA mobile communication 
15 system, and in particular, to an apparatus and method for gated transmission which 
does not require a separate resynchronization process by assigning dedicated 
channels. 

20 2. Description of the Related Art 

A conventional CDMA (Code Division Multiple Access) mobile 
communication system primarily provides a voice service. However, the future 
CDMA mobile communication system will support the IMT-2000 standard, which 
25 can provide high-speed data service as well as voice service. More specifically, the 
IMT-2000 standard can provide high-quality voice service, moving picture service, 
an Internet search service, etc. 

In a mobile communication system, data communication is typically 
30 characterized by bursts of data transmissions altemating with long non- 
transmission periods. The bursts of data are referred to as "packets" or "packages" 
of data. In the future mobile communication system, traffic data is transmitted over 
a dedicated traffic channel for a data transmission duration, and the dedicated 
traffic channel is maintained for a predetermined time even when the base station 
35 and the mobile station have no traffic data to transmit. The mobile communication 
system, after finishing transmitting traffic data over the dedicated traffic channel. 
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maintains the down link and up link channels between the base station and the 
mobile station for a predetermined time even though there is no traffic data to 
transmit. This is done in order to minimize the time delay due to sync reacquisition 
when there is traffic data to transmit. 

5 

The invention will be described with reference to a UTRA (UMTS 
(Universal Mobile Teleconrmiunications System) Terrestrial Radio Access) mobile 
communication system. Such a mobile communication system requires many states 
according to channel assignment circumstances and state information 
10 existence/nonexistence in order to provide a packet data service as well as a voice 
service. For example, a state transition diagram for a cell connected state, a user 
data active substate and a control-only substate are well defined in 3GPP RAN TS 
82 series S2.03, 99. 04. 

15 FIG. lA shows state transition in the cell connected state of the mobile 

communication system. Referring to FIG. 1 A, the cell connected state includes a 
paging channel (PCH) state, a random access channel (RACH)/downlink shared 
channel (DSCH) state, a RACH/forward link access channel (FACH) state, and a 
dedicated channel (DCH)/DCH, DCH/DCH+DSCH, DCH/DSCH+DSCH Ctrl 

20 (Control Channel) state. 

FIG. IB shows a user data active substate and a control-only substate of the 
DCH/DCH, DCH/DCH+DSCH, DCH/DSCH+DSCH Ctrl state. It should be noted 
that the novel gated transmission device and method is applied to a situation which 
25 has no taffic data for a predetermined time. 

The existing CDMA mobile communication system, which mainly 
provides voice service, releases a channel after completion of data transmission and 
connects the channel again when there is further data to transmit. However, when 

30 providing packet data service as well as voice service, the conventional data 
transmission method has many delaying factors such as reconnection delay, thus 
making it difficult to provide high-quality service. Therefore, to provide packet 
data service as well as voice service, an improved data transmission method is 
required. For example, in many cases, data transmission is performed intermittently, 

35 such as for Internet access and file downloading. Therefore, there occurs a non- 
transmission period between transmissions of packet data. During this period, the 
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conventional data transmission method releases or maintains the dedicated traffic 
(or data) channel. If the dedicated traffic channel is released, a long time is required 
in order to reconnect the channel, and, if the dedicated traffic channel is maintained, 
channel resources are wasted and reverse power is wasted. To solve such problems, 
5 a dedicated control channel is provided between the base station and the mobile 
station so that for the data transmission period, a control signal related to the 
dedicated traffic channel is exchanged and for the non-transmission period, the 
dedicated traffic channel is released and only the dedicated control channel is 
maintained. Such a state is referred to as the "control-only substate". 

10 

A downlink (or forward link) for transmitting signals from the base station 
to the mobile station includes the following physical channels. A description of the 
physical channels which depart from the scope of the invention will be avoided for 
simplicity. The physical channels involved in the invention include a dedicated 

15 physical control channel (hereinafter, referred to as DPCCH) in which pilot 
symbols are included for sync acquisition and channel estimation, and a dedicated 
physical data channel (hereinafter, referred to as DPDCH) for exchanging traffic 
data with a specific mobile station. The downlink DPDCH includes the traffic data, 
and the downlink DPCCH includes, at each slot (or power control group), transport 

20 format combination indicator (hereinafter, referred to as TFCI) which is 
information about the format of transmission data, transmit power control 
(hereinafter, referred to as TPC) information which is a power control command, 
and control information such as the pilot symbols for providing a reference phase 
so that a receiver (the base station or the mobile station) can compensate the phase. 

25 The DPDCH and the DPCCH are time multiplexed within one power control group 
in down link, and the DPDCH and the DPCCH are separated by orthogonal codes 
each other in up link. 

For reference, the invention will be described with reference to the case 
30 where the frame length is 10msec and each frame includes 16 power control groups, 
i.e., each power control group has a length of 0.625msec. Alternatively, the 
invention will also be described with reference to another case where the frame 
length is 10msec and each frame includes 15 power control groups, i.e., each power 
control group has a length of 0.667msec. It will be assumed herein that the power 
35 control group (0.625msec or 0.667msec) has the same time period as the slot 
(0.625msec or 0.667msec). The power control group (or slot) is comprised of pilot 
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symbol, traffic data, transmission data-related information TFCI, and power control 
information TPC in down link. The values stated above are given by way of 
example only. 

5 FIG, 2A shows a slot structure including the downlink DPDCH and 

DPCCH. In FIG 2A, although the DPDCH is divided into traffic data 1 (Datal) and 
traffic data 2 (Data2), there is a case where the traffic data 1 does not exist and only 
the traffic data 2 exists according to the types of the traffic data. Table 1 below 
shows the symbols constituting the downlink DPDCH/DPCCH fields, wherein the 
10 number of TFCI, TPC and pilot bits in each slot can vary according to a data rate 
and a spreading factor. 

Unlike the downUnk DPDCH and DPCCH, uplink DPDCH and DPCCH 
for transmitting signals from the mobile station to the base station are separated by 
15 chaimel separation codes. 

FIG. 2B shows a slot structure including the uplink DPDCH and DPCCH. 
In FIG. 2B, the number of TFCI, FBI, TPC and pilot bits can vary according to the 
service being provided (which changes the type of the traffic data), or because of 
20 transmit antenna diversity, or because of a handover circumstance. The FBI 
(FeedBack Information) is information that the mobile station requests about the 
antennas at the base station, when the base station uses the transmit diversity 
antennas. Tables 2 and 3 below show the symbols constituting the uplink DPDCH 
and DPCCH fields, respectively. 

25 



[Table 1] Downlink DPDCH/DPCCH Fields 



Channel 
Bit Rate 
(kbps) 


Channel 
Symbol 
Rate 
(ksps) 


SF 


Bits/Frame 


Bits/Slot 


DPDCH 
Bits/Slot 


DPCCH 
Bits/Slot 








DPDCH 


DPCCH 


TOT 




Ndatal 




Ntfci 


Ntpc 


Npiiot 


16 


8 


512 


64 


96 


160 


10 


2 


2 


0 


2 


4 


16 


8 


512 


32 


128 


160 


10 


0 


2 


2 


2 


4 


32 


16 


256 


160 


160 


320 


20 


2 


8 


0 


2 


8 


32 


16 


256 


128 


192 


320 


20 


0 


8 


2 


2 


8 


64 


32 


128 


480 


160 


640 


40 


6 


24 


0 


2 


8 


64 


32 


128 


448 


192 


640 


40 


4 


24 


2 


2 


8 


128 


64 


64 


1120 


160 


1280 


80 


14 


56 


0 


2 


8 


128 


64 


64 


992 


288 


1280 


80 


6 


56 


8 


2 


8 
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256 


128 


32 


2400 


160 


2560 


160 


30 


120 


0 


2 


8 


256 


128 


32 


2272 


288 


2560 


160 


22 


120 


8 


2 


8 


512 


256 


16 


4832 


288 


5120 


320 


62 


240 


0 


2 


16 


512 


256 


16 


4704 


416 


5120 


320 


54 


240 


8 


2 


16 


1024 


512 


8 


9952 


288 


10240 


640 


126 


496 


0 


2 


16 


1024 


512 


8 


9824 


416 


10240 


640 


118 


496 


8 


2 


16 


2048 


1024 


4 


20192 


288 


20480 


1280 


254 


1008 


0 


2 


16 


2048 


1024 


4 


20064 


416 


20480 


1280 


246 


1008 


8 


2 


16 



[Table 2] Uplink DPDCH Fields 



Channel Bit Rate 
(kbps) 


Channel Symbol 
Rate (ksps) 


SF 


Bits/Frame 


Bits/Slot 




16 


16 


256 


160 


10 


10 


32 


32 


128 


320 


20 


20 


64 


64 


64 


640 


40 


40 


128 


128 


32 


1280 


80 


80 


256 


256 


16 


2560 


160 


160 


512 


512 


8 


5120 


320 


320 


1024 


1024 


4 


10240 


640 


640 



5 



[Table 3] Uplink DPCCH Fields 



Channel Bit 
Rate (kbps) 


Channel 
Symbol 
Rate (ksps) 


SF 


Bits/Frame 


Bits/Slot 


Npiioi 


Ntpc 


Ntfq 




16 


16 


256 


160 


10 


6 


2 


2 


0 


16 


16 


256 


160 


10 


8 


2 


0 


0 


16 


16 


256 


160 


10 


5 


2 


2 


i 


16 


16 


256 


160 


10 


7 


2 


0 


1 


16 


16 


256 


160 


10 


6 


2 


0 


2 


16 


16 


256 


160 


10 


5 


1 


2 


2 



10 Tables 1 to 3 show an example where there exists one DPDCH which is a 

traffic channel, wherein SF denotes spreading factor. However, there may exist 
second, third and fourth DPDCHs according to the service types. Further, the 
downlink and uplink both may include several DPDCHs. 

15 An exemplary hardware structure of the conventional mobile 

communication system (base station transmitter and mobile station transmitter) will 
be described below with reference to FIGS, 3A and 3B. Although the base station 
transmitter and mobile station transmitter will be described with reference to a case 
where there exist three DPDCHs, the number of DPDCHs is not limited. 
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FIG. 3 A shows a structure of the conventional base station transmitter. 
Referring to FIG. 3A, multipUers 111, 121, 131 and 132 multiply a DPDCH signal 
and DPDCHi, DPDCHj and DPDCH3 signals, which have undergone channel 
5 encoding and interleaving, by gain coefficients Gj, G2, G3 and G4, respectively. The 
gain coefficients G^, G2, G3 and G4 may have different values according to 
circumstances such as the service option and the handover. A multiplexer (MUX) 
112 time-multiplexes the DPCCH signal and the DPDCH, signal into the slot 
structure of FIG. 2 A. A first serial-to-parallel (S/P) converter 113 distributes the 

10 output of the multiplexer 1 12 to an I channel and a Q channel. Second and third S/P 
converters 133 and 134 S/P-convert the DPDCH2 and DPDCH3 signals and 
distribute them to the I channel and the Q channel, respectively. The S/P-converted 
I and Q channel signals are multiplied by channelization codes Cchi, C^hi and Cchs in 
multipliers 114, 122, 135, 136, 137 and 138, for spreading and channel separation. 

15 Orthogonal codes are used for the channelization codes. 

The I and Q channel signals multiplied by the channelization codes in the 
multipliers 114, 122, 135, 136, 137 and 138 are summed by first and second 
summers 115 and 123, respectively. That is, the I channel signals are summed by 

20 the first summer 115, and the Q channel signals are summed by the second summer 
123. The output of the second summer 123 is phase shifted by 90"* by a phase 
shifter 124. A summer 116 sums an output of the first summer 115 and an output of 
the phase shifter 124 to generate a complex signal I+jQ, A multiplier 117 scrambles 
the complex signal with a PN sequence Cscramb which is uniquely assigned to each 

25 base station, and a signal separator 118 separates the scrambled signal into a real 
part and an imaginary part and distributes them to the I channel and the Q channel. 
The I and Q channel outputs of the signal separator 118 are filtered by lowpass 
filters 119 and 125, respectively, to generate bandwidth-limited signals. The output 
signals of the filters 119 and 125 are multiplied by carriers cos{27ifct} and 

30 sin{27i:fct} in multipliers 120 and 126, respectively, to frequency shift the signals to 
a radio firequency (RF) band. A summer 127 sums the frequency-shifted I and Q 
channel signals. 

FIG. 3B shows a structure of the conventional mobile station transmitter. 
35 Referring to FIG. 3B, multiphers 211, 221, 223 and 225 multiply a DPCCH signal 
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and DPDCHi, DPDCH2 and DPDCH3 signals, which have undergone channel 
encoding and interleaving, by channelization codes (orthogonal codes) Cchi, Cch25 
Cch3 and Cch4, respectively, for spreading and channel separation. Orthogonal codes 
are used for the channelization codes. The output signals of the multipliers 21 1, 221, 
5 223 and 225 are multiplied by gain coefficients G^, G2, G3 and G4 in multipliers 
212, 222, 224 and 226, respectively. The gain coefficients G,, G2, G3 and G4 may 
have different values. The outputs of the multipliers 212 and 222 are summed by a 
first summer 213 and output as an I channel signal, and the outputs of the 
multipliers 224 and 226 are summed by a second summer 227 and output as a Q 
10 channel signal. The Q channel signal output from the second summer 227 is phase 
shifted by 90° in a phase shifter 228. 

A summer 214 sums the output of the first summer 213 and the output of 
the phase shifter 228 to generate a complex signal I+jQ. A multiplier 215 

15 scrambles the complex signal with a PN sequence Cgcramb which is uniquely 
assigned to each station, and a signal separator 229 separates the scrambled signal 
into a real part and an imaginary part and distributes them to the I channel and the 
Q channel. The I and Q channel outputs of the signal separator 229 are filtered by 
lowpass filters 216 and 230, respectively, to generate bandwidth-limited signals. 

20 The output signals of the filters 216 and 230 are multiplied by carriers cos{27i;fct} 
and sin{27ifct} in multipliers 217 and 231, respectively, to frequency shift the 
signals to a radio frequency (RF) band. A summer 218 sums the frequency-shifted I 
and Q channel signals. 

25 A conventional transmission signal stmcture of the base station and the 

mobile station will be made below. FIG. 5A shows how to transmit the downlink 
DPCCH and the uplink DPCCH when transmission of the uplink DPDCH is 
discontinued when there is no data to transmit for a predetermined time which is 
called control-only substate. FIG. 5B shows how to transmit the downlink DPCCH 

30 and the uplink DPCCH when transmission of the downlink DPDCH is discontinued 
when there is no data to transmit. As illustrated in FIGS. 5 A and 5B, the mobile 
station constantly transmits the uplink DPCCH signal in spite of no DPDCH data in 
order to avoid a resynchronization acquisition process between the base station and 
the mobile station. When there is no traffic data to transmit for a long time, the base 

35 station and the mobile station make a transition to an RRC (Radio Resource 
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Control) connection release state (not shown in the FIGs.). In this state, 
transmission of the uplink DPCCH is discontinued, but the mobile station transmits 
pilot symbols and power control bits over the DPCCH until the transition is 
completed, thereby increasing interference in the uplink (or reverse link). The 
5 increase in interference of the uplink causes a decrease in the capacity of the uplink. 

In the conventional method, although continuous transmission of the uplink 
DPCCH in the control-only substate is advantageous in tifciat it is possible to avoid 
the sync reacquisition process in the base station, it creases an interference to the 

10 uplink and mobile station power consumption, causing a decrease in the capacity of 
the uplink. Further, in the downlink, continuous transmission of the uplink power 
control bits causes an increase in interference of the downlink and a decrease in the 
capacity of the downlink. Therefore, it is necessary to minimize the time required 
for the sync reacquisition process in the base station, to minimize the interference 

15 due to transmission of the uplink DPCCH and to minimize the interference and 
mobile station power consumption due to transmission of the uplink power control 
bits over the downlink. 

20 SUMMARY OF THE INVENTION 

It is, therefore, an object of the present invention to provide a 
conunimication device and method for minimizing the time required for a sjmc 
reacquisition process between base station and mobile station, for minimizing the 
25 interference and power consumption of mobile station due to transmission of a 
uplink DPCCH, and for minimizing the interference due to transmission of uplink 
power control bits over a downlink when there is no data to transmit on DPDCH 
for predetermined time. 

30 It is another object of the present invention to provide a device and method 

for gating a dedicated control channel (DPCCH) signal on a gated transmission unit 
basis in a mobile communication system, wherein the gated transmission unit is 
either identical to an actual slot unit or different from the actual slot unit. 

35 It is further another object of the present invention to provide a device and 

method for locating a power control bit in the last slot of each frame to control the 
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power of the first slot of the next frame in a mobile communication system. 

To achieve the above object, a base station (or mobile station) according to 
the present invention determines whether there is data to transmit to the mobile 
5 station (or base station) on DPDCH. When there is no data to transmit on DPDCH, 
the base station (or mobile station) gates transmission of control information 
according to a predetermined time period pattern within one frame on a dedicated 
control channel. Here, "gated transmission" refers to transmitting the control 
information included in the DPCCH only at a specific power control group 

10 (PCG)/slot (or PCGs/slots) according to a predetermined time pattern. Control 
information transmitted from the base station to the mobile station includes TFCI 
information about a format of transmission data, TPC information for power 
control, and a pilot symbol. Control information transmitted from the mobile 
station to the base station includes TFCI information about a format of transmission 

15 data, TPC information for power control, a pilot symbol, and FBI information for 
requesting information about a phase difference between two antennas when the 
base station uses transmit diversity antenna. In a downlink DPCCH, the TFCI, TPC 
and pilot symbol in an n predetermined-power control group (or one slot) can be 
discontinuously transmitted in a frame during gated transmission. Alternatively, the 

20 pilot symbol in a predetermined nth power control group (or slot) and TFCI and 
TPC in (n+l)th power control group can be discontinuously transmitted in a frame. 
In an uplink DPCCH, the TFCI, TPC, FBI and pilot symbol in a specific power 
control group (or slot) are discontinuously transmitted during gated transmission. If 
there is a short data to transmit on DPDCH in gated transmission mode, the power 

25 control bit can be transmitted in all slot during transmit the short data. Further, a 
gating pattern for the downlink control information and a gating pattern for the 
uplink control information have an offset so that gating should occur at different 
time points. 

30 

BRIEF DESCRIPTION OF THE DRAWINGS 

The above and other objects, features and advantages of the present 
invention will become more apparent from the following detailed description when 
35 taken in conjunction with the accompanying drawings in which: 

FIG. 1 A is a state transition diagram for a packet data service; 
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FIG, IB is a state transition diagram between a user data active substate 
and a control-only substate of the DCH/DCH state; 

FIG. 2A is a diagram illustrating a slot structure of downlink DPDCH and 
DPCCH; 

5 FIG. 2B is a diagram illustrating a slot structure of uplink DPDCH and 

DPCCH; 

FIG. 3A is a diagram illustrating a structure of a conventional base station 
transmitter; 

FIG. 3B is a diagram illustrating a stmcture of a conventional mobile 
1 0 station transmitter; 

FIG. 4A is a diagram illustrating a structure of a base station transmitter 
according to an embodiment of the present invention; 

FIG. 4B is a diagram illustrating a stmcture of a mobile station transmitter 
according to an embodiment of the present invention; 
15 FIG. 5 A is a diagram for explaining how to transmit a downlink DPCCH 

and a uplink DPCCH when transmission of a uplink DPDCH is discontinued in a 
conventional control-only substate; 

FIG. 5B is a diagram for explaining how to transmit a downlink DPCCH 
and a uplink DPCCH when transmission of a downlink DPDCH is discontinued in 
20 the conventional control-only substate; 

FIG. 6A is a diagram illustrating a method for transmitting a signal 
according to a regular or gated transmission pattern for a uplink DPCCH according 
to an embodiment of the invention; 

FIG. 6B is a diagram illustrating another method for transmitting a signal 
25 according to a regular or gated transmission pattern for a uplink DPCCH according 
to an embodiment of the invention; 

FIG. 7A is a diagram illustrating a method for transmitting a signal when a 
uplink DPDCH message is generated while a uplink DPCCH is intermittently 
transmitted in a gating mode according to an embodiment of the invention; 
30 FIG. 7B is a diagram illustrating another method for transmitting a signal 

when a uplink DPDCH message is generated while a uplink DPCCH is 
intermittently transmitted in a gating mode according to an embodiment of the 
invention; 

FIG. 8A is a diagram illustrating a method for transmitting downlink and 
35 uplink signals when transmission of a downlink DPDCH is discontinued according 
to an embodiment of the present invention; 
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FIG. 8B is a diagram illustrating a method for transmitting downlink and 
uplink signals when transmission of a uplink DPDCH is discontinued according to 
an embodiment of the present invention; 

FIG. 8C is a diagram illustrating another method for transmitting downlink 
5 and uplink signals when transmission of the downlink DPDCH is discontinued 
according to an embodiment of the present invention; 

FIG. 8D is a diagram illustrating another method for transmitting downlink 
and uplink signals when transmission of the uplink DPDCH is discontinued 
according to an embodiment of the present invention; 
10 FIG. 9 A is a diagram illustrating a method for transmitting downlink and 

uplink signals when transmission of a downlink DPDCH is discontinued (gated 
transmission for the downlink DPCCH) according to an embodiment of the present 
invention; 

FIG. 9B is a diagram illustrating a method for transmitting downlink and 
15 uplink signals when transmission of a uplink DPDCH is discontinued (gated 
transmission for downlink DPCCH) according to an embodiment of the present 
invention; 

FIG. 1 OA is a diagram illustrating a structure of a base station transmitter 
according to another embodiment of the present invention; 
20 FIG. 1 OB is a diagram illustrating a structure of a mobile station transmitter 

according to another embodiment of the present invention; 

FIG. IIA is a diagram illustrating gated transmission for downlink and 
uplink DPCCHs according to a first embodiment of the present invention; 

FIG. 1 IB is a diagram illustrating gated transmission for downlink and 
25 uplink DPCCHs according to a second embodiment of the present invention; 

FIG. lie is a diagram illustrating gated transmission for downlink and 
uplink DPCCHs according to a third embodiment of the present invention; 

FIG. 11 D is a diagram illustrating gated transmission for downlink and 
uplink DPCCHs according to a fourth embodiment of the present invention; 
30 FIG. HE is a diagram illustrating gated transmission for downlink and 

uplink DPCCHs according to a fifth embodiment of the present invention; 

FIG. 12A is a diagram illustrating gated transmission for downlink and 
uplink DPCCHs according to a sixth embodiment of the present invention; 

FIG. 12B is a diagram illustrating gated transmission for downlink and 
35 uplink DPCCHs according to a seventh embodiment of the present invention; 

FIG. 12C is a diagram illustrating gated transmission for downlink and 
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uplink DPCCHs according to a eighth embodiment of the present invention; 

FIG. 1 2D is a diagram illustrating gated transmission for downlink and 
uplink DPCCHs according to a ninth embodiment of the present invention; and 

FIG. 12E is a diagram illustrating gated transmission for downlink and 
5 uplink DPCCHs according to a tenth embodiment of the present invention. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 

Preferred embodiments of the present invention will be described herein 
10 below with reference to the accompanying drawings. In the following description, 
well-known fimctions or constmctions are not described in detail since they would 
obscure the invention in unnecessary detail. 

The term "normal transmission" as used herein refers to continuously 

15 transmitting control information included in the downlink or uplink DPCCH, i.e., 
TFCI, TPC and pilot symbols. Further, the term "gate transmission" refers to 
transmitting the control information included in the downlink DPCCH, i.e., TFCI, 
TPC and pilot symbols, only at a specific power control group (or slot) according 
to a predetermined time pattem. In addition, the term "gate transmission" refers to 

20 transmitting the control information included in the uplink DPCCH (i.e., TFCI, 
TPC and pilot symbols) only at a specific power control group (or one slot) 
according to a predetermined time pattem. The information, transmission of which 
is discontinued in the downlink DPCCH during gated transmission, may include all 
of the TFCI, TPC and pilot symbols in a predetermined nth power control group (or 

25 slot), or may include the pilot symbols in a predetermined nth power control group 
(or slot), and TFCI and TPC in an (n+l)th power control group. The information, 
transmission of which is discontinued in the uplink DPCCH during gated 
transmission, includes all of TFCI, TPC, FBI and pilot symbols in a specific power 
control group (or one slot). Herein, "a gated transmission unit is identical to a slot 

30 unit" means that TFCI, TPC and pilot symbols within one power control group are 
set as a gated transmission unit. Further, "a gated transmission unit is not identical 
to a slot unit" means that a pilot symbol in a predetermined nth slot and a TFCI and 
TPC in an (n+l)th slot are set as a gated transmission unit. 

35 In addition, since performance at the beginning of a frame is very 

important, the invention locates the TPC for controlling the power of the first slot 
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of the next frame at the last slot of one frame. That is, TPC bits for the downlink 
DPCCH and the uplink DPCCH are located at the last slot of the nth frame, and 
power of the first slot of the (n+l)th frame is controlled using the TPC bits existing 
at the last slot of the nth frame. 

5 

Further, a power control rate can be maintained normal transmission even 
when transmission data is generated during gated transmission of the DPCCH 
signal according to the present invention. In addition, the gating pattem (or gated 
transmission pattem) for the downhnk DPCCH and the gating pattem for the uplink 
10 DPCCH are determined to have an offset. That is, the control information for the 
downlink DPCCH and the control information for the uplink DPCCH are 
transmitted at different time points. 

A hardware stmcture according to an embodiment of the invention will be 
1 5 described below. 

FIG. 4A shows a stracture of a base station transmitter according to an 
embodiment of the present invention. The base station transmitter is different from 
the conventional one of FIG. 3 A in that with regard to the downlink DPCCH, the 

20 output of the multiplier 111 is gated by a gated transmission controller 141. That is, 
the gated transmission controller 141 performs gated transmission on the TFCI and 
TPC bits for the downlink DPCCH at a power control group (or time slot) 
scheduled with the mobile station when the traffic data is not transmitted over the 
downlink and uplink DPDCHs for predetermined time. In addition, the gated 

25 transmission controller 141 performs gated transmission on one power control 
group (or one entire slot) including the pilot symbols, TFCI and TPC bits for the 
downlink DPCCH at a power control group (or time slot) scheduled with the 
mobile station when the traffic data is not transmitted over the downlink and uplink 
DPDCHs for predetermined time. 

30 

Although the downlink gated transmission pattem is identical to the uplink 
gated transmission pattem, an offset may exist between them for eflScient power 
control. The offset is given as a system parameter. 



35 



The gated transmission controller 141 can perform gated transmission 
either when the gated transmission unit is identical to the slot unit or when the 
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gated transmission unit is not identical to the slot unit. When the gated transmission 
unit is not identical to the slot unit, the gated transmission controller 141 separately 
gates the TFCI, TPC and pilot symbols. That is, the pilot symbol in the 
predetermined nth slot, and the TFCI and TPC in the (n+l)th slot are set as a gated 
5 on transmission unit. 

In addition, the gated transmission controller 141 locates the TPC bits for 
power controlling the first slot of the next frame at the last slot of one frame to 
guarantee performance of the beginning part of the next frame. That is, the TPC 
10 bits for the downlink DPCCH and the uplink DPCCH are located at the last slot of 
the nth frame, and power of the first slot of the (n+l)th frame is controlled using 
the TPC bits existing at the last slot of the nth frame. 

FIG. 4B shows a structure of a mobile station transmitter according to an 
15 embodiment of the present invention. The mobile station transmitter is different 
from the conventional one of FIG. 3B in that a gated transmission controller 241 is 
provided to gate transmission of the uplink DPCCH. That is, the gated transmission 
controller 241 performs gated transmission on one power control group (or one 
entire slot) including the pilot symbols, TFCI, FBI and TPC bits for the uplink 
20 DPCCH at a power control group (or time slot) scheduled with the mobile station 
in the control-only substate where the traffic data is not transmitted over the 
downlink and uplink DPDCHs. For sync detection, it is necessary to transmit Ihe 
pilot symbols and TPC bits over the uplink DPCCH, and there is no alternative way 
to transmit the TPC, FBI and pilot symbols over the other uplink channels at the 
25 duration where transmission of the above channel is discontinued. 

Now, a description will be made of a transmission signal structure of the 
base station and the mobile station according to an embodiment of the present 
invention. 

30 

FIG. 6A shows a method for transmitting a signal according to a regular or 
gated transmission pattern for the uplink DPCCH in case of there is no DPDCH 
data for a predetermined period of time according to an embodiment of the present 
invention. In FIG. 6A, reference numerals 301, 302, 303 and 304 show different 
35 gating rates according to a ratio of a duty cycle (hereinafter, referred to as DC). 
Reference numeral 301 shows a conventional method for transmitting the uplink 
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DPCCH without gating (DC-=1, regular transmission), and reference numeral 302 
shows a method for regularly transmitting every other power control group (or time 
slot), when DC=l/2 (only 1/2 of all the power control groups in one frame are 
transmitted). Reference numeral 303 shows a method for regularly transmitting 
5 every fourth power control group (3rd, 7th, 11th and 15th power control groups), 
when DC=l/4 (only 1/4 of all the power control groups in one frame are 
transmitted). Reference numeral 304 shows a method for regularly transmitting 
every eighth power control group (7th and 15th power control groups), when 
DC==l/8 (only 1/8 of all the power control groups in one frame are transmitted). In 

10 the embodiment of FIG. 6A, when DC=l/2 and 1/4, although the gated 
transmission controller 241 of the mobile station regularly gates the power control 
groups of the uplink DPCCH, it is also possible to gate arbitrary power control 
groups out of all the standard power control groups according to the corresponding 
DC. That is, when DC=l/2, it is also possible to gate arbitrary power control 

15 groups according to an irregular pattern, rather than to regularly transmit every 
other power control group. Further, when DC=l/2, it is also possible to 
continuously transmit half of all the power control groups at the second half (8th to 
15th power control groups) of the frame. When DC=l/4, it is also possible to 
continuously transmit 1/4 of all the power control groups beginning at a 3/4 point 

20 of the frame (i.e., 12th to 15th power control groups). When DC=l/8, it is also 
possible to continuously transmit 1/8 of all the power control groups beginning at a 
7/8 point of the frame (i.e., 14th to 15th power control groups). 

The above gating rate transition method can be divided into several 
25 methods as stated below, and is determined according to system setup. In one 
method, a direct gating rate transition occurs from DC=1/1 to DC=l/2, from 
DC=1/1 to DC=l/4, or from DC=1/1 to DC=l/8 according to a set timer value or a 
transition command message from the base station. In another method, a sequential 
gating rate transition occurs from DC=1/1 to DC=l/2, from DC=l/2 to DC=l/4, or 
30 from DC=l/4 to 1/8. Selection of the DC value can be determined in consideration 
of the capacity of the corresponding mobile station or the quality of the channel 
environment. 

FIG. 6B shows a method for transmitting a signal according to a regular or 
35 gated transmission pattern for the uplink DPCCH in case of there is no DPDCH 
data for a predetermined period of time according to another embodiment of the 
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present invention. In FIG. 6B, reference numerals 305, 306 and 307 show different 
gating rates according to a ratio of a duty cycle DC. Reference numeral 305 shows 
a method for transmitting two consecutive power control groups at regular 
locations (2"*^-3^, 6*-7^, 10*^-11* and 14*-15* power control groups), when 
5 DC==l/2 (only 1/2 of all the power control groups in one frame are transmitted). 
Reference numeral 306 shows a method for transmitting two consecutive power 
control groups at regular locations (6^'^-?* and 14^^-15*^ power control groups), 
when DC=l/4 (only 1/4 of all the power control groups in one frame are 
transmitted). Reference numeral 307 shows a method for transmitting two 

10 consecutive power control groups at regular locations (14^^- 15^*" power control 
groups), when DC=l/8 (only 1/8 of all the power control groups in one frame are 
transmitted). In the embodiment of FIG. 6B, when DC=l/2 and 1/4, although the 
gated transmission controller 241 of the mobile station regularly gates the power 
control groups of the uplink DPCCH, it is also possible to gate arbitrary power 

15 control groups out of all the power control groups according to the corresponding 
DC. That is, when DC=l/2, it is also possible to continuously gate 4 consecutive 
power control groups (e.g., 2"^-5'^ power control groups) according to an irregular 
pattern, rather than to regularly transmit every other 2 consecutive power control 
groups. 

20 

The above gating rate transition method can be divided into several 
methods as stated below, and is determined according to system setup. In one 
method, a direct state transition occurs from DC=1/1 (full rate) to DC=l/2, from 
DC=1/1 to DC=l/4, or from DC=1/1 to DC=l/8 according to a set timer value or a 
25 transition command message from the base station. In another method, a sequential 
gating rate transition occurs from DC=1/1 to DC=l/2, from DC=l/2 to DC=l/4, or 
from DC=l/4 to 1/8. Selection of the DC value can be determined in consideration 
of the capacity of the corresponding mobile station or the quality of the channel 
environment. 

30 

FIGS. 7 A and 7B show the uplink DPCCH for the case where a transition 
message is transmitted over the uplink DPDCH when a dedicated MAC (Medium 
Access Control) logical channel is generated in case of there is nok DPDCH data 
for a predetermined period of time of FIGS. 6A and 6B. Reference numeral 311 of 
35 FIG. 7A shows a case where a uplink DPDCH message is generated while the 
uplink DPCCH does not undergo gated transmission (i.e., while the uplink DPCCH 
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is continuously transmitted (DC=1/1)). Reference numeral 312 shows a case where 
the uplink DPDCH message is generated while the uplink DPCCH undergoes 
DC=l/2 gated transmission. Reference numeral 313 shows a case where the uplink 
DPDCH message is generated while the uplink DPCCH undergoes DC=l/4 gated 
5 transmission. Reference numeral 314 shows a case where the uplink DPDCH 
message is generated while the uplink DPCCH undergoes DC=l/8 gated 
transmission. 

The power control groups, as shown by the reference numerals 312, 313 
10 and 314, are transmitted according to the gated transmission patterns in the first 
frame, and then undergo normal transmission when the uplink DPDCH is 
transmitted in the second frame. In the power control groups for normal 
transmission, the TPC bits for downlink power control can be omitted and the pilot 
duration (or period) can be extended to a power control group length. Beginning at 
15 the power control groups succeeding after transmitting the uplink DPDCH message 
by normal transmission of the power control groups, it is possible to transmit the 
uplink DPCCH without gating, or it is possible to gate transmission of the uplink 
DPCCH according to the original DC value until a gating rate transition message is 
received from the base station. That is, when the uplink DPDCH message is 
20 transmitted for DC=l/2 gated transmission, it is possible to perform normal 
transmission on the power control group of the above duration, thereafter perform 
DC=l/2 gated transmission again, and then perform DC=1 (regular transmission) 
gated transmission when the DPDCH user data exist. 

25 Like the uplink DPCCH, even in the downlink, when a downlink DPDCH 

message is generated during gated transmission for the DPCCH, the power control 
groups, which are transmitted according to the gated transmission pattern, undergo 
normal transmission for transmit the downlink DPDCH. In the power control 
groups for normal transmission, the TPC bits for downlink power control can be 

30 omitted and the pilot duration can be extended to a power control group length. 
Beginning at the power control groups succeeding after transmitting the downlink 
DPDCH message by normal transmission of the power control groups, it is possible 
to transmit the downlink DPCCH without gating, or it is possible to gate 
transmission of the downlink DPCCH according to the original DC value until a 

35 state transition request message is received from the mobile station. That is, when 
the downlink DPDCH message is transmitted for DC=l/2 gated transmission, it is 
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possible to perform normal transmission on the power control group of the above 
duration, thereafter perform DC=l/2 gated transmission again, and then perform 
DC=1 gated transmission when transmitting the DPDCH user data. 

5 Reference numeral 315 of FIG. 7B shows a case where a uplink DPDCH 

message is generated while the uplink DPCCH undergoes DC=l/2 gated 
transmission. Reference numeral 316 shows a case where the uplink DPDCH 
message is generated while the uplink DPCCH undergoes DC=l/4 gated 
transmission. Reference numeral 317 shows a case where the uplink DPDCH 

10 message is generated while the uplink DPCCH undergoes DC=l/8 gated 
transmission. The power control groups, as shown by the reference numerals 315, 
316 and 317, are transmitted according to the gated transmission patterns, and then 
undergo normal transmission for transmit the downlink DPDCH message. In the 
power control groups for normal transmission, the TPC bits for downlink power 

15 control can be omitted and the pilot duration (or period) can be extended to a power 
control group length. Beginning at the power control groups succeeding after 
transmitting the uplink DPDCH message by normal transmission of the power 
control groups, it is possible to transmit the uplink DPCCH without gating, or it is 
possible to gate transmission of the uplink DPCCH according to the original DC 

20 value until a state transition message is received fi-om the base station. That is, 
when the uplink DPDCH message is transmitted for DC==l/2 gated transmission, it 
is possible to perform normal transmission on the power control group of the above 
duration, thereafter perform DC=l/2 gated transmission again, and then perform 
DC=1 gated transmission when transmitting the DPDCH user data. 

25 

It is also possible to simultaneously gate transmission of both the uplink 
DPCCH and the downlink DPCCH according to the same gating pattern. Beginning 
at the power control groups succeeding after transmitting the downlink DPDCH 
message by normal transmission of the power control groups, generated while 

30 gating transmission of the downlink DPCCH, it is possible to transmit the downlink 
DPCCH without gating, or it is possible to gate transmission of the downlink 
DPCCH according to the original DC value until a state transition request message 
is received from the mobile station. That is, when the downlink DPDCH message is 
transmitted for DC=l/2 gated transmission, it is possible to perform normal 

35 transmission on the power control group of the above duration, thereafter perform 
DC=l/2 gated transmission again, and then perform DC=1 gated transmission 
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when transmitting the DPDCH user data. 

FIG. 8A shows a method for transmitting downlink and uplink signals 
when transmission of a downlink DPDCH is discontinued. When transmission of 
5 the downlink DPDCH is discontinued as shown by reference numeral 801 in the 
user data active substate where there exists no uplink DPDCH, the base station and 
the mobile station start gating transmission if a set timer value expires or a 
downlink DPDCH message for state transition is generated. Although FIG. 8A 
shows an embodiment where the message for start gating transmission is generated 

10 by the base station, it is also possible for the mobile station to send a gating-request 
message to the base station when there is no downlink and uplink DPDCH. While 
transmitting the downlink DPCCH in FIG. 8A, it is also possible to transmit all the 
TFCI, TPC and pilot symbols without gating. Since the TPC bits include 
meaningless TPC values determined by measuring power strength of the pilot 

15 symbols of the gated power control groups within the uplink DPCCH, the mobile 
station ignores the meaningless TPC values transmitted from the base station in 
order to perform uplink power control in consideration of the gating pattern for the 
uplink DPCCH, and performs transmission at the same transmission power as the 
transmission power for the previous power control group. Alternatively, while 

20 transmitting the downlink DPCCH in FIG. 8A, it is also possible to gate only the 
TFCI and TPC bits in the downlink DPCCH without gating the pilot symbols in the 
downlink DPCCH. At this point, the gating pattern is identical to a gating pattern 
for the uplink DPCCH of the mobile station. The power control group, in which the 
TPC bits in the downlink DPCCH are gated, refers to the TPC bits generated by 

25 measuring the pilot symbols corresponding to the gated power control group in the 
DPCCH transmitted from the mobile station. 

Reference numeral 802 shows a situation where a message for gated 
transmission is generated by the base station and is transmitted to the mobile 

30 station over the downlink DPDCH. In this case, the mobile station, which has been 
gating transmission of the uplink DPCCH, can stop gated transmission upon receipt 
of the message for stop the gated transmission and perform normal transmission 
(DC=1) when uplink DPDCH data should be transmitted. Altematively, tfie mobile 
station, which has been gating transmission of the uplink DPCCH, can continue 

35 gated transmission even after receipt of the message for stop the gated transmission, 
stop gated transmission at the stop time included in the gated transmission stop 
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message, and then perform normal transmission (DC=1). 

FIG. 8B shows a method for transmitting downlink and uplink signals 
when transmission of a uplink DPDCH is discontinued. When transmission of the 
5 uplink DPDCH is discontinued as shown by reference numeral 803 in the user data 
active substate where there exists no downlink DPDCH, the base station and the 
mobile station make the gated transmission at a time point appointed (or scheduled) 
between them when a set timer value expires or after exchanging a gated 
transmission message. Although FIG. SB shows an embodiment where the message 

10 for gated transmission is generated in the downlink DPDCH, the gated transmission 
message can also be generated in the uplink DPDCH of the mobile station. While 
transmitting the downlink DPCCH in FIG. SB, it is also possible to transmit all the 
TFCI, TPC and pilot symbols without gating. Since the TPC bits include 
meaningless TPC values determined by measuring power strength of the pilot 

15 symbols of the gated power control groups within the uplink DPCCH, the mobile 
station ignores the meaningless TPC values transmitted from the base station in 
order to perform uplink power control in consideration of the gating pattem for the 
uplink DPCCH, and performs transmission at the same transmission power as the 
transmission power for the previous power control group. Altematively, while 

20 transmitting the downlink DPCCH in FIG. SB, it is also possible to gate only the 
TFCI and TPC bits in the downlink DPCCH without gating the pilot symbols in the 
downlink DPCCH. At this point, the gating pattem is identical to a gating pattem 
for the uplink DPCCH of the mobile station. The power control group, in which the 
TPC bits in the downlink DPCCH are gated, refers to the TPC bits generated by 

25 measuring the pilot symbols corresponding to the gated power control group in the 
DPCCH transmitted from the mobile station. 

Reference numeral 804 shows a situation where a gated transmission 
message generated by the base station is transmitted to the mobile station over the 

30 downlink DPDCH. In this case, the mobile station, which has been gating 
transmission of the uplink DPCCH, can stop gated transmission upon receipt of the 
message for stop gated transmission and perform normal transmission (DC=1). 
Altematively, the mobile station, which has been gating transmission of the uplink 
DPCCH, can continue gated transmission even after receipt of the message for stop 

35 gated transmission, stop gated transmission at the stop time included in the gated 
transmission stop message, and then perform normal transmission (DC=1). 
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FIG. 8C shows a method for transmitting downlink and uplink signals 
when transmission of a downlink DPDCH is discontinued. When transmission of 
the downlink DPDCH is discontinued as shown by reference numeral 805 in the 
5 user data active substate where there exists no uplink DPDCH, the base station and 
the mobile station start gated transmission if a set timer value expires or a downlink 
DPDCH message for start gated transmission is transmitted. Although FIG, 8C 
shows an embodiment where the message for gated transmission message is 
generated by the base station, it is also possible for the mobile station to send a 

10 gated transmission request message to the base station when there is no downlink 
and uplink DPDCH. While transmitting the downlink DPCCH in FIG. 8C, it is also 
possible to transmit all the TFCI, TPC and pilot symbols without gating. Since the 
TPC bits include meaningless TPC values determined by measuring the power 
strength of the pilot symbols of the gated power control groups within the uplink 

15 DPCCH, the mobile station ignores the meaningless TPC values transmitted from 
the base station in order to perform uplink power control in consideration of the 
gating pattern for the uplink DPCCH, and performs transmission at the same 
transmission power as the transmission power for the previous power control group. 
Alternatively, while transmitting the downlink DPCCH in FIG. 8C, it is also 

20 possible to gate only the TFCI and TPC bits in the downlink DPCCH without 
gating the pilot symbols in the downlink DPCCH. At this point, the gating pattern 
is identical to a gating pattern for the uplink DPCCH of the mobile station. The 
power control group, in which the TPC bits in the downlink DPCCH are gated, 
refers to the TPC bits generated by measuring the pilot symbols corresponding to 

25 the gated power control group in the DPCCH transmitted from the mobile station. 

Reference numeral 806 shows a situation where a gated transmission 
message is generated by the mobile station and is transmitted to the base station 
over the uplink DPDCH. In this case, the mobile station, which has been gating 

30 transmission of tiie uplink DPCCH, can stop gated transmission after transmission 
of the gated transmission message over the uplink DPDCH and then perform 
normal transmission (DC=1). Alternatively, the mobile station, which has been 
gating transmission of the uplink DPCCH, can continue gated transmission even 
after receiving gated transmission stop message, stop gated transmission at the stop 

35 time included in the gated transmission stop message, and then perform normal 
transmission (DC=1). 
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FIG. 8D shows a method for transmitting downlink and uplink signals 
when transmission of a uplink DPDCH is discontinued. When transmission of the 
uplink DPDCH is discontinued as shown by reference numeral 807 in the user data 
active substate where there exists no downlink DPDCH for a predetermined period 
of time, the base station and the mobile station can start gated transmission at a 
time point appointed (or scheduled) between them when a set timer value expires 
or after exchanging a gated transmission message. Although FIG. 8D shows an 
embodiment where the message for gated transmission is generated in the downlink 
DPDCH, the gated transmission message can also be generated in the uplink 
DPDCH of the mobile station. While transmitting the downlink DPCCH in FIG. 
8D, it is also possible to transmit all the TFCI, TPC and pilot symbols without 
gating. Since the TPC bits include meaningless TPC values determined by 
measuring power strength of the pilot symbols of the gated power control groups 
within the uplink DPCCH, the mobile station ignores the meaningless TPC values 
transmitted from the base station in order to perform uplink power control in 
consideration of the gating pattern for the uplink DPCCH, and performs 
transmission at the same transmission power as the transmission power for the 
previous power control group. Alternatively, while transmitting the downlink 
DPCCH in FIG. 8D, it is also possible to gate only the TFCI and TPC bits in the 
downlink DPCCH without gating the pilot symbols in the downlink DPCCH. At 
this point, the gating pattern is identical to a gating pattern for the uplink DPCCH 
of the mobile station. The power control group, in which the TPC bits in the 
downlink DPCCH are gated, refers to the TPC bits generated by measuring the 
pilot symbols corresponding to the gated power control group in the DPCCH 
transmitted from the mobile station. 

Reference numeral 808 shows a situation where a gated transmission 
message generated by the mobile station is transmitted to the base station over the 
uplink DPDCH. In this case, the mobile station, which has been gating 
transmission of the uplink DPCCH, can stop gated transmission after transmission 
of the gated transmission message over the uplink DPDCH and then perform 
normal transmission (DC==1). Altematively, the mobile station, which has been 
gating transmission of the uplink DPCCH, can continue gated transmission even 
after transmission of the gated transmission stop message, stop gated transmission 
at the stop time included in the gated transmission stop message, and then perform 
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normal transmission (DC=1). 

FIG. 9A shows a method for transmitting downlink and uplink signals 
when transmission of a downlink DPDCH is discontinued. When transmission of 
5 the downlink DPDCH is discontinued, the base station and the mobile station can 
start gated transmission at a time point appointed between them if a set timer value 
expires or after exchanging a gated transmission message. FIG. 9A shows a case 
where a gating pattem for the downlink DPCCH 501 is identical to a gating pattem 
for the uplink DPCCH 503. Although FIG. 9A shows an embodiment where the 
10 gated transmission message is generated through the downlink DPDCH, the gated 
transmission message can also be generated through the uplink DPDCH of the 
mobile station. 

FIG. 9B shows a method for transmitting downlink and uplink signals 
15 when transmission of a uplink DPDCH is discontinued. When transmission of the 
uplink DPDCH is discontinued, the base station and the mobile station make a state 
transition at a time point appointed between them if a set timer value expires or 
after exchanging a state transition message. FIG. 9B shows a case where a gating 
pattem for the downlink DPCCH is identical to a gating pattem for the uplink 
20 DPCCH. Although FIG. 9B shows an embodiment where the state transition 
message is generated through the downlink DPDCH, the state transition message 
can also be generated tiu-ough the uplink DPDCH of the mobile station. 

In the foregoing drawings and descriptions, the downlink and uplink 
25 frames have the same frame starting point. However, in the UTRA system, the 
starting point of the uplink frame is artificially delayed by 250)Lisec as compared 
with the starting point of the downlink frame. This is to make power control time 
delay become one slot (=0.62 5ms) in consideration of the propagation delay of the 
transmission signal when the cell radius is below 30km. Therefore, with due 
30 consideration of the artificial time delay between the downlink and uplink fi:mne 
start time, the methods for transmitting the DPCCH signal according to gated 
transmission are shown by FIGS. 11 A to HE. FIGS. lOA and lOB show structures 
of the base station controller and the mobile station controller, respectively, which 
enable such gated transmission, 

35 
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FIG. lOA shows a structure of the base station controller according to 
another embodiment of the present invention. The base station transmitter is 
different from FIG. 4A in that the pilot, TFCI and TPC bits constituting the 
downlink DPCCH can be separately gated according to different gating pattems by 
5 the gated transmission controller 141 , That is, the gated transmission controller 141 
performs gated transmission on the pilot, TFCI and TPC bits for the downlink 
DPCCH at a power control group (or time slot) scheduled with the mobile station 
in the control-only substate where the traffic data is not transmitted over the 
dovmlink and uplink DPDCHs. By using the gated transmission controller 141, it is 
10 also possible to assemble a pilot of a nth slot and TFCI and TPC bits of a (n+l)th 
slot into a gated transmission unit. When the base station transmits signaling data 
using the gated transmission controller 141 during gated transmission in the 
control-only substate, it is possible to avoid performing gated transmission on the 
pilot and TFCI at the duration where the signaling data is transmitted. 

15 

Alternatively, the gated transmission controller 141 can perform gated 
transmission on one power control group (or one entire slot) including the pilot 
symbols, TFCI and TPC bits for the downlink DPCCH at a power control group (or 
time slot) scheduled with the mobile station in the control-only substate when the 
20 traffic data is not transmitted over the downlink and uplink DPDCHs. 

Although the downlink gated transmission pattem is identical to the uplink 
gated transmission pattem, there can exist an offset therebetween for efficient 
power control. The offset is given as a system parameter. 

25 

FIG. lOB shows a stmcture of the mobile station transmitter according to 
another embodiment of the present invention. The mobile station transmitter is 
different firom FIG. 4B in that the pilot, TFCI, FBI and TPC bits constituting the 
uplink DPCCH can be separately gated according to different pattems by the gated 

30 transmission controller 241. The gated transmission controller 241 gates 
transmission of the pilot, FTCI, FBI and TPC bits for the uplink DPCCH at a 
power control group (or time slot) scheduled with the mobile station in the control- 
only substate when the traffic data is not transmitted over the downlink and uplink 
DPDCHs. When the base station transmits signaling data using the gated 

35 transmission controller 241 during gated transmission in the control-only substate, 
it is possible to avoid performing gated transmission on the pilot and TFCI at the 
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duration when the signaUng data is transmitted. 

Alternatively, the gated transmission controller 241 can perform gated 
transmission on one power control group (or one entire slot) including the pilot 
5 symbols, TFCI, FBI and TPC bits for the uplink DPCCH at a power control group 
(or time slot) scheduled with the mobile station in the control-only substate when 
the traffic data is not transmitted over the downlink and uplink DPDCHs. 

Although the downlink gated transmission pattern is identical to the uplink 
10 gated transmission pattem, there can exist an offset therebetween for efficient 
power control. The offset is given as a system parameter. 

FIGS. IIA to HE and FIGS. 12A to 12E show signal transmission 
diagrams for gated transmission performed by the base station and the mobile 

15 station transmitters of FIGS. lOA and lOB. FIGS. IIA to HE show how to perform 
gated transmission when the frame length is 10msec and each frame includes 16 
power control groups, i.e., each power control group has a length of 0.625msec. 
FIGS. 12A to 12E show how to perform gated transmission when the frame length 
is 10msec and each frame includes 15 power control groups, i.e., each power 

20 control group has a length of 0.667msec. 

FIG. HA shows gated transmission for the downlink and uplink DPCCHs 
according to a first embodiment of the present invention. As shown in FIG. HA, a 
gated transmission unit for the downlink DPCCH may not be a slot unit. That is, 

25 with regard to two adjacent slots, a pilot symbol of an predetermined nth slot and 
TFCI and TPC bits of an (n+l)th slot are set as a gated transmission unit for the 
downlink DPCCH because of the pilot symbol is used for channel estimatin to 
detect the TFCI and TPC. For example, when the gating rate is 1/2, a pilot symbol 
of slot number 0 and TFCI and TPC bits of slot number 1 are set as a gated 

30 transmission unit for the downlink DPCCH. When the gating rate is 1/4, a pilot 
symbol of slot number 2 and TFCI and TPC bits of slot number 3 are set as a gated 
transmission unit for the downlink DPCCH. When the gating rate is 1/8, a pilot 
symbol of slot number 6 and TFCI and TPC bits of slot number 7 are set as a gated 
transmission unit for the downlink DPCCH. Here, the gated transmission unit for 

35 the downlink DPCCH is set to be different from the actual slot unit, since an nth 
pilot symbol may be required in the receiver to demodulate the (n+l)th TPC 
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according to a demodulation method for the TPC signal. 

When a signaling message is generated during such gated transmission, the 
signaling message is transmitted over the downlink or uplink DPDCH. Therefore, 
5 performance of the frame starting point is very important. In the invention, as 
shown in FIG. 11 A, the TPC for the downlink DPCCH and the TPC for the uplink 
DPCCH are located at slot number 15 (i.e., the 16* slot, which is the last slot of the 
nth frame), so that the first slot of the (n+l)th frame is power controlled using the 
TPC bits existing in the last slot of an nth frame. That is, the TPC for power 
10 controlling the first slot of the next frame is located at the last slot of the present 
frame. 

Meanwhile, in the UTRA system stated above, an offset between the 
downlink and uplink frame start points is fixed to 250|jsec. However, in gated 

15 transmission of the downlink and uplink DPCCHs, the offset value can be changed 
to an arbitrary value while the base station and the mobile station exchange a 
parameter for DPCCH gated transmission in the call setup process. The offset value 
is set to a proper value in consideration of propagation delay of the base station and 
the mobile station in the call setup process. That is, when the cell radius is over 

20 30Km, the offset value can be set to a value larger than the conventional offset 
value of 250|j,sec for DPCCH gated transmission, and this value can be determined 
through experiments- 

FIG. UB shows gated transmission for the downlink and uplink DPCCHs 
25 according to a second embodiment of the present invention. FIG. 1 IB shows a case 
where transmission of the downlink DPCCH goes ahead of transmission of the 
uplink DPCCH during gated transmission, for the gating rates of 1/2, 1/4 and 1/8. 
The difference (i.e., offset) is designated by "DL-UL timing" for the gating rates of 
1/2, 1/4 and 1/8. 

30 

Referring to FIG. IIB, with regard to two adjacent slots, a pilot symbol of 
the predetermined-nth slot and TFCI and TPC of the (n+l)th slot are set as a gated 
transmission unit for the downlink DPCCH. For example, for the gating rate 1/2, a 
pilot symbol of slot number 0 and TFCI and TPC of slot number 1 are set as a 
35 gated transmission unit for the downlink DPCCH. For the gating rate 1/4, a pilot 
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symbol of slot number 2 and TFCI and TPC of slot number 3 are set as a gated 
transmission unit for the downlink DPCCH. For the gating rate 1/8, a pilot symbol 
of slot number 6 and TFCI and TPC of slot number 7 are set as a gated 
transmission unit for the downlink DPCCH. 

5 

In addition, it is noted that the TPC for power controlling the first slot of 
the next frame is located at the last slot of the present frame. That is, the TPC for 
the downlink DPCCH and the TPC for the uplink DPCCH are both located at slot 
nimiber 15 (i.e., the 16^*" slot). 

10 

FIG. lie shows gated transmission for the downlink and uplink DPCCHs 
according to a third embodiment of the present invention. FIG. 11 C shows a case 
where transmission of the uplink DPCCH goes ahead of transmission of the 
downlink DPCCH during gated transmission, for the gating rates of 1/2, 1/4 and 
15 1/8. 

Referring to FIG. IIC, with regard to two adjacent slots, a pilot symbol of 
the predetermined nth slot and TFCI and TPC of the (n+l)th slot are set as a gated 
transmission unit for the downlink DPCCH. For example, for the gating rate 1/2, a 

20 pilot symbol of slot number 1 and TFCI and TPC of slot number 2 are set as a 
gated transmission unit for the downlink DPCCH. For the gating rate 1/4, a pilot 
symbol of slot number 2 and TFCI and TPC of slot number 3 are set as a gated 
transmission unit for the downlink DPCCH. For the gating rate 1/8, a pilot symbol 
of slot number 6 and TFCI and TPC of slot number 7 are set as a gated 

25 transmission unit for the downlink DPCCH. 

In addition, it is noted that the TPC for power controlling the first slot of 
the next frame is located at the last slot of the present frame. That is, the TPC for 
the downlink DPCCH and the TPC for the uplink DPCCH are both located at a slot 
30 number 15 (i.e., the 16^^ slot). 

FIG. IID shows gated transmission for the downlink and uplink DPCCHs 
according to a fourth embodiment of the present invention. FIG. 1 ID shows a case 
where for the gating rates of 1/2, 1/4 and 1/8, transmission of the downlink DPCCH 
35 goes ahead of transmission of the uplink DPCCH during gated transmission, and 
the downlink and uplink gating patterns are set to the same period. 
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Referring to FIG. IID, with regard to two adjacent slots, a pilot symbol of 
the predetermined nth slot and TFCI and TPC of the (n+l)th slot are set as a gated 
transmission unit for the downlink DPCCH. For example, for the gating rate 1/2, a 
5 pilot symbol of slot number 0 and TFCI and TPC of slot number 1 are set as a 
gated transmission unit for the downlink DPCCH. For the gating rate 1/4, a pilot 
symbol of slot number 0 and TFCI and TPC of slot number 1 are set as a gated 
transmission unit for the downlink DPCCH. For the gating rate 1/8, a pilot symbol 
of slot number 2 and TFCI and TPC of slot number 3 are set as a gated 
10 transmission unit for the downlink DPCCH. 

In addition, it is noted that the TPC for power controlling the first slot of 
the next frame is located at the last slot of the present frame. That is, the TPC for 
the downlink DPCCH and the TPC for the uplink DPCCH are both located at slot 
15 number 15 (i.e., the 16*^ slot). 

FIG. HE shows gated transmission for the downlink and uplink DPCCHs 
according to a fifth embodiment of the present invention. FIG. HE shows a case 
where for the gating rates of 1/2, 1/4 and 1/8, transmission of the uplink DPCCH 
20 goes ahead of transmission of the downlink DPCCH during gated transmission, and 
the downlink and uplink gating pattems are set to the same period. 

Referring to FIG. HE, with regard to two adjacent slots, a pilot symbol of 
the nth slot and TFCI and TPC of the (n+l)th slot are set as a gated transmission 

25 unit for the downlink DPCCH. For example, for the gating rate 1/2, a pilot sjmibol 
of slot number 1 and TFCI and TPC of slot number 2 are set as a gated 
transmission unit for the downlink DPCCH. For the gating rate 1/4, a pilot symbol 
of slot number 2 and TFCI and TPC of slot number 3 are set as a gated 
transmission unit for the downlink DPCCH. For the gating rate 1/8, a pilot symbol 

30 of slot number 6 and TFCI and TPC of slot number 7 are set as a gated 
transmission unit for the downlink DPCCH. 

In addition, it is noted that the TPC for power controlling the first slot of 
the next frame is located at the last slot of the present frame. That is, the TPC for 
35 the downhnk DPCCH and the TPC for the uplink DPCCH are both located at a slot 
number 15 (i.e., the 16^*" slot). 
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FIG. 12 A shows gated transmission for the downhnk and uplink DPCCHs 
according to a sixth embodiment of the present invention. FIG. 12 A shows a case 
where a gating rate for gated transmission of the downlink and uplink DPCCHs is 
5 1/3, i.e., gated transmission is performed at the periods corresponding to 1/3 power 
control groups of the whole power control groups. That is, gated transmission is 
performed at the periods corresponding to 5 power control groups out of the whole 
1 5 power control groups. At this point, a gated transmission unit for the downlink 
DPCCH is set to be different from a slot unit. That is, with regard to two adjacent 
10 slots, a pilot symbol of the predetermined nth slot and TFCI and TPC of the 
(n+l)th slot are set as a gated transmission unit for the downlink DPCCH because 
of the pilot symbol is used for channel estimation to detect the TFCI and the TPC. 

In FIG. 12 A, <Case 1> shows a case where the uplink DPCCH and the 
15 downlink DPCCH are transmitted at the same time during gated transmission, and 
the downlink and uplink gating patterns are set to the same period. With regard to 
two adjacent slots, a pilot symbol of slot number 1 and TFCI and TPC of slot 
number 2 are set as a gated transmission unit for the downlink DPCCH; a pilot 
symbol of slot number 4 and TFCI and TPC of slot number 5 are set as a gated 
20 transmission unit for the downlink DPCCH; a pilot symbol of slot number 7 and 
TFCI and TPC of slot number 8 are set as a gated transmission unit for the 
downlink DPCCH; a pilot symbol of slot number 10 and TFCI and TPC of slot 
number 11 are set as a gated transmission unit for the downlink DPCCH; and a 
pilot symbol of slot number 13 and TFCI and TPC of slot number 14 are set as a 
25 gated transmission unit for the downlink DPCCH. 

<Case 2> shows a case where transmission of the uplink DPCCH occurs 
before transmission of the downlink DPCCH during gated transmission. At this 
point, with regard to two adjacent slots, a pilot symbol of slot number 0 and TFCI 

30 and TPC of slot number 1 are set as a gated transmission unit for the downlink 
DPCCH; a pilot symbol of slot number 3 and TFCI and TPC of slot number 4 are 
set as a gated transmission unit for the downlink DPCCH; a pilot symbol of slot 
number 6 and TFCI and TPC of slot number 7 are set as a gated transmission unit 
for the downlink DPCCH; a pilot symbol of slot number 9 and TFCI and TPC of 

35 slot number 10 are set as a gated transmission unit for the downhnk DPCCH; and a 
pilot symbol of slot number 12 and TFCI and TPC of slot number 13 are set as a 
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gated transmission unit for the downlink DPCCH. 

<Case 3> shows a case where transmission of the uplink DPCCH occurs 
before transmission of the downlink DPCCH during gated transmission. At this 
5 point, with regard to two adjacent slots, a pilot symbol of slot number 1 and TFCI 
and TPC of slot number 2 are set as a gated transmission unit for the downlink 
DPCCH; a pilot symbol of slot number 4 and TFCI and TPC of slot number 5 are 
set as a gated transmission unit for the downlink DPCCH; a pilot symbol of slot 
number 7 and TFCI and TPC of slot number 8 are set as a gated transmission unit 
10 for the downlink DPCCH; a pilot symbol of slot number 10 and TFCI and TPC of 
slot number 1 1 are set as a gated transmission unit for the downlink DPCCH; and a 
pilot symbol of slot number 13 and TFCI and TPC of slot number 14 are set as a 
gated transmission unit for the downlink DPCCH. 

15 <Case 4> shows a case where transmission of the uplink DPCCH occurs 

after transmission of the downlink DPCCH during gated transmission. At this point, 
with regard to two adjacent slots, a pilot symbol of slot number 14 and TFCI and 
TPC of slot number 0 are set as a gated transmission unit for the downlink 
DPCCH; a pilot symbol of slot number 2 and TFCI and TPC of slot number 3 are 

20 set as a gated transmission unit for the downlink DPCCH; a pilot symbol of slot 
number 5 and TFCI and TPC of slot number 6 are set as a gated transmission unit 
for the downlink DPCCH; a pilot symbol of slot number 8 and TFCI and TPC of 
slot number 9 are set as a gated transmission unit for the downlink DPCCH; and a 
pilot symbol of slot number 1 1 and TFCI and TPC of slot number 12 are set as a 

25 gated transmission unit for the doAvnlink DPCCH. 

<Case 5> shows a case where transmission of the uplink DPCCH occurs 
after transmission of the downlink DPCCH during gated transmission. At this point, 
with regard to two adjacent slots, a pilot symbol of slot number 0 and TFCI and 

30 TPC of slot number 1 are set as a gated transmission unit for the downlink 
DPCCH; a pilot symbol of slot number 3 and TFCI and TPC of slot number 4 are 
set as a gated transmission unit for the downlink DPCCH; a pilot symbol of slot 
number 6 and TFCI and TPC of slot number 7 are set as a gated transmission unit 
for the downlink DPCCH; a pilot symbol of slot number 9 and TFCI and TPC of 

35 slot number 10 are set as a gated transmission unit for the downlink DPCCH; and a 
pilot symbol of slot number 12 and TFCI and TPC of a slot number 13 are set as a 
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gated transmission unit for the downlink DPCCH. 

FIG. 12B shows gated transmission for the downlink and uplink DPCCHs 
according to a seventh embodiment of the present invention. FIG. 12A shows a 
5 case where the gating rate for gated transmission of the downlink and uplink 
DPCCHs is 1/5, i.e., gated transmission is performed so that 1/5 of the power 
control groups are transmitted in comparison to all the power control groups in 
standard transmission. That is, gated transmission is performed so that 3 power 
control groups out of the standard 15 power control groups are transmitted. At this 
10 point, a gated transmission unit for the downlink DPCCH is set to be different from 
a slot unit. That is, with regard to two adjacent slots, a pilot symbol of the 
predetermined nth slot and TFCI and TPC of the (n+l)th slot are set as a gated 
transmission unit for the downlink DPCCH because of the pilot symbol is used for 
channel estimation to detect the TFCI and the TPC. 

15 

Referring to FIG. 12B, with regard to two adjacent slots, a pilot symbol of 
slot number 3 and TFCI and TPC of slot number 4 are set as a gated transmission 
unit for the downlink DPCCH; a pilot symbol of slot number 8 and TFCI and TPC 
of slot number 9 are set as a gated transmission unit for the downlink DPCCH; and 
20 a pilot symbol of slot number 13 and TFCI and TPC of slot number 14 are set as a 
gated transmission unit for the downlink DPCCH. 

FIG. 12C shows gated transmission for the downlink and uplink DPCCHs 
according to an eighth embodiment of Ihe present invention. Referring to FIG. 12C, 

25 the gating pattem is set such that the last power control group of the uplink 
DPCCH should not be gated in the control-only substate. Such a gating pattem has 
high channel estimation performance, since the base station can perform channel 
estimation using the pilot symbols in the last power control group of the frame. In 
addition, it is possible to increase the time required when the base station processes 

30 the FBI bits transmitted from the mobile station. 

FIG. 12D shows gated transmission for the downlink and uplink DPCCHs 
according to a ninth embodiment of the present invention. Shown is a gating 
pattem for transmitting a downlink message during gated transmission in the 
35 control-only substate. 
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Referring to FIG. 12D, for the frame period where the downUnk message is 
transmitted (i.e., DPDCH transmission period), gated transmission is discontinued 
for the pilot and TFCI, and only the TPC continues to undergo gated transmission 
according to the gating pattem. For the period where the downlink data (message) 
5 is not transmitted, the pilot symbols and TFCI as well as TPC undergo gated 
transmission. The pilot symbol is transmitted at the 0*, 3'**, 6^*^, 9^** and 12^ slots 
only, and the TFCI and TPC bits are transmitted at the V\ 4*, 7^^, 10*^ and 13* slots 
only. When the downlink data is transmitted during such gated transmission, the 
pilot symbol and TFCI are transmitted at every slot, whereas TPC is transmitted at 
10 the V\ 4^^, Kf" and 13^^ slots only. Accordingly, even though downlink 
transmission data is generated during gated transmission, the power control rate is 
maintained. 

FIG. 12E shows gated transmission for the downlink and uplink DPCCHs 
15 according to a tenth embodiment of the present invention. Shown is a gating pattem 
for transmitting a uplink message during gated transmission in the control-only 
substate. For a period where the uplink data (message) is not transmitted, the pilot 
symbols and TFCI as well as TPC and FBI undergo gated transmission. The pilot 
symbol, TFCI, FBI and TPC are transmitted at 2"^ 8'^ 11*^ and 14'*^ slots only. 
20 When the uplink data is transmitted during such gated transmission, the pilot 
symbol and TFCI are transmitted at every slot, whereas TPC and FBI are 
transmitted at the 2""*, 5*^, 8*, 11**" and \A^^ slots only. Accordingly, even though 
uplink transmission data is generated during gated transmission, the power control 
rate is maintained. 

25 

As shown in FIGS. 12D and 12E, for the DPDCH transmission period 
where the uplink message is transmitted, several embodiments of the invention 
discontinue gated transmission of the pilot and TFCI and continue to transmit FBI 
and TPC according to the gating rate. 

30 

As described above, the invention minimizes the time required for the sync 
reacquisition process in the base station, minimizes interference as well as uplink 
DPCCH transmission time, and minimizes interference due to the transmission of 
the uplink power control bit over the downlink, all of which increases the capacity 
35 of the mobile communication system. 
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While the invention has been shown and described with reference to 
certain preferred embodiments thereof, it will be understood by those skilled in the 
art that various changes in form and details may be made therein without departing 
from the spirit and scope of the invention as defined by the appended claims. 
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CLAIMS ; 

1. A method for transmitting down link DPCCH signals in a base 
station for a mobile communication system, comprising the steps of: 

5 determining whether the base station has down link DPDCH data to 

transmit to a mobile station; and 

gating transmission of the down link DPCCH signal according to a 
predetermined pattern when there is no data to transmit for predetermined period 
of time. 

10 

2. The method as claimed in claim 1, wherein the the DPCCH signal 
is transmitted in slot format, said slot having power control bit which control the 
up link transmission power , and the predetermined pattern is a pattern for gating 
transmission of the DPCCH slot signal during gated transmission of DPCCH 

15 signal. 

3. The method as claimed in claim 1, wherein the DPCCH signal 
includes power control bit. 

20 4. The method as claimed in claim 2, wherein the DPCCH signal 

includes a pilot symbol, a format of transmission data frame, and power control 
bit for up link transmission power control. 

5. The method as claimed in claim 4, wherein the slot format 
25 includes pilot symbols, TFCI bits and power control bit, and predetermined pattern 

is a pattern for gating transmission of the pilot symbol, the TFCI bitsand the 
power control bit at predetermined n slots out of total slots of frame. 

6. The method as claimed in claim 4, wherein the slot format 
30 includes pilot symbols, TFCI bits and power control bit, and predetermined pattern 

is a pattern for gating transmission of the pilot symbol at an predetermined nth slot 
and the TFCI bits and power control bitat a (n+l)th slot. 

7. The method as claimed in claim 2, wherein the power control bit 
35 gating transmission is maintained regular when the base station transmit DPDCH 

data to the mobile station. 
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8. A base station transmission device for a mobile communication 
system, comprising: 

a multiplexer for multiplexing a first channel signal and a second chaimel 
5 signal into a frame which is segmented into a plurality of slots, and for outputting 
the frame ; 

a switch for gating the first channel signal; and 

a controller for gating the switch such that the first channel signal 
undergoes gated transmission within a frame according to a predetermined pattern 
10 when there is no second channel signal to be transmitted to a mobile station. 

9. The base station transmission device as claimed in claim 8, 
wherein the predetermined pattem is a pattern for gating transmission of the first 
channel signal at predetermined slots. 

15 

10- The base station transmission device as claimed in claim 8, 
wherein the first channel signal includes power control bit. 

11. The base station transmission device as claimed in claim 9, 
20 wherein the first channel signal includes a pilot symbol, TFCI bits, and power 

control bit. 

12. The base station transmission device as claimed in claim 11, 
wherein the predetermined pattem is a pattem for gating transmission of the pilot 

25 symbol, the TFCI bits and the power control bit at an predetermined n slot out of 
total slots of frame. 

13. The base station transmission device as claimed in claim 11, 
wherein the predetermined pattem is a pattem for gating transmission of the pilot 

30 symbol at an predetermined nth slot and the TFCI bits and the power control bit at 
a (n4-l)th slot 

14. The base station transmission device as claimed in claim 10, 
wherein the controller maintains regular transmission for the power control bit 

35 when the base station transmit DPDCH data to the mobile station during gated 
transmission. 
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15. The base station transmission device as claimed in claim 8, 
wherein the first channel is a DPCCH. 

5 16. The base station transmission device as claimed in claim 8, 

wherein the second channel is a DPDCH. 

17. A method for transmitting control DPCCH signal in a mobile 
station of a mobile communication system, comprising the steps of: 
10 determining whether the mobile station has data to transmit to a base 

station; and 

gating transmission of the DPCCH signal according to a predetermined 
pattern for maintain link power control loop when there is no data to transmit for 
predetermined period of time. 

15 

18 The method as claimed in claim 17, wherein the DPCCH signal 
have frame format, said frame includes a plurality of slots, and the predetermined 
pattern is a pattern for gating transmission of the DPCCH signal. 

20 19. The method as claimed in claim 17, wherein the DPCCH signal 

includes at least power control bit. 

20. The method as claimed in claim 18, wherein the DPCCH signal 
includes a pilot symbol, TFCI bits, and FBI bits for at least one phase difference 

25 between at least two antennas when the base station uses transmit diversity 
antennas. 

21. The method as claimed in claim 20, wherein the predetermined 
pattem is a pattern for gating transmission of the pilot symbol, the TFCI bits, the 

30 power control bit, and FBI bits at predetermined slots. 

22. The method as claimed in claim 19, wherein the up link DPCCH 
signal is transmitted continuously during mobile station transmit DPDCH data the 
base station. 

35 

23. The method as claimed in claim 22, wherein the transmission 
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power of the DPDCH data is increased than regular transmission. 

24. A mobile station transmission device for a mobile communication 
system, comprising: 

5 a Dedicated Physical Control Charaiel(DPCCH) for transmitting pilot 

ssymbol, TFCI bits for indicating frame format of Dedicated Physical Data 
Channel(DPDCH) frame, FBI bits for feed back information of diversity antenna 
signal, and power control bit for control down link transmission power 

a Dedicated Physical Data Channel(DPDCH) for transmitting user data or 

10 signaling data to base station with the Dedicated Physical Control 
Channel(DPCCH) 

a switch for gating the Dedicated Physical Control Channel(DPCCH) 
signal; and 

a controller for gating the switch such that the Dedicated Physical Control 
15 Channel(DPCCH) signal undergoes gated transmission within the frame according 
to a predetermined pattern when there is no Dedicated Physical Data 
Channel(DPDCH) signal to be transmitted to the base station for predetermined 
period of time. 

20 25. The mobile station transmission device as claimed in claim 24, 

wherein the predetermined pattern is a pattern for gating transmission of the 
Dedicated Physical Control Channel(DPCCH) signal at predetermined slots. 

26. The mobile station transmission device as claimed in claim 24, 
25 wherein the Dedicated Physical Control Channel(DPCCH) signal includes power 

control information. 

27. The mobile station transmission device as claimed in claim 25, 
wherein the Dedicated Physical Control Channel(DPCCH) and the Dedicated 

30 Physical Data Channel(DPDCH) is spread with orthogonal code respectively for 
channel separation and the channel signals are multiplied with gain value 
respectively. 

28. The mobile station transmission device as claimed in claim 27, 
35 wherein the time period pattern is a pattern for gating transmission of the pilot 

symbol, theTFCI bits, the FBI bits and the power control bit at an predetermined 
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nth slot out of total slots of a frame. 

29. The mobile station transmission device as claimed in claim 26, 
wherein the controller control the DPCCH signal with regularly when the mobile 

5 station transmit DPDCH data. 

30. A method for transmitting control information in a mobile 
communication system, comprising the steps of: 

(a) determining whether a base station has data to transmit to a mobile 
10 station; 

(b) transmitting gating message to indicate gating start time and gating 
pattern to a mobile station when the data to transmit has not exist 
predetermined period of time; 

(c) gating transmission of first control information according to gating 
15 pattern on a downlink dedicated control channel, said downlink dedicated control 

chaimel for transmitting the first control information to the mobile station; 

(d) determining whether the mobile station has data to transmit to the base 
station;transmitting gating request message to the base station when the 
data to transmit has not exist predetermined period of time; 

20 (e) gating, when the mobile station has received the gating message and 

reach the gating start time from the base station, transmission of second control 
information according to a predetermined second pattern within one frame on an 
uplink dedicated control channel, said uplink dedicated control channel for 
transmitting the second control information to the base station. 

25 

31. The method as claimed in claim 30, wherein the frame on the 
downlink dedicated control channel is segmented into a plurality of slots and the 
predetermined first pattern is a pattem for gating transmission of the first control 
information at predetermined slots. 

30 

32. The method as claimed in claim 30, wherein the first control 
information includes power control information. 

33. The method as claimed in claim 31, wherein the first control 
35 information includes a pilot symbol, first information about a format of 

transmission data, and second information for power control. 
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34. The method as claimed in claim 33, wherein the predetermined 
first pattem is a pattern for gating transmission of the pilot symbol, the first 
information and the second information at an predetermined nth slot 

5 

35. The method as claimed in claim 33, wherein the predetermined 
first pattem is a pattem for gating transmission of the pilot symbol at an 
predetermined nth slot and the first information and the second information at a 
(n-hl)thslot 

10 

36. The method as claimed in claim 31, wherein gated transmission 
for the power control information is maintained when the base station generates 
data to be transmitted to the mobile station during gated transmission of the first 
control information. 

15 

37. The method as claimed in claim 30, wherein the fi*ame on the 
uplink dedicated control channel is segmented into a plurality of slots and the 
predetermined second pattem is a pattem for gating transmission of the second 
control information at predetermined slots. 

20 

38. The method as claimed in claim 37, wherein the second control 
information includes power control information. 

39. The method as claimed in claim 37, wherein the second control 
25 information includes a pilot symbol, first information about a format of the 

transmission data, and second information for requesting information about at least 
one phase difference between at least two antennas when the base station uses 
transmit diversity antennas, and third information for power control. 

30 40. The method as claimed in claim 37, wherein the predetermined 

second pattem is a pattem for gating transmission of the pilot symbol, the first 
information, the second information and the third information at predetermined 
slots. 

35 41 . The method as claimed in claim 38, wherein gated transmission for 

the power control information is maintained when the mobile station has data to 
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transmit to the base station during gated transmission of the second control 
information. 

42. The method as claimed in claim 39, wherein gated transmission 
5 for the second information and the third information is maintained when the mobile 
station has data to transmit to the base station during gated transmission of the 
second control information. 

43 The method as claimed in claim 30, wherein there is an time offset 
1 0 between the predetermined first pattern and the predetermined second pattern. 



wo 00/62456 



1/32 



PCT/KROO/00345 




FIG. lA 



wo 00/62456 PCT/KR0O/0034S 

2/32 



DCH/DCH.DCH/DCH+DSCH.DCH/DSCH+DSCH Ctrl 




USER DATA ACTIVE 



USER CAPACITY 
ALLOCATED 




USER DATA ACTIVE 
RELEASED 




FIG. IB 



wo 00/62456 



3/32 



PCT/KROO/00345 



DPCCH DPDCH DPCCH DPDCH DPCCH 

< X X X X > 



TFCI 


DATA 1 


TPC 


DATA 


2 


PILOT 


N TFa BITS 


N DATA1 BITS 


N TPC BITS 


N DATA2 


BITS 


N PILOT BITS 



< > 

TsLOT= a525ms. 10*2*^ BITS (k=0..7) 



FIG. 2A 



DPDCH 



DPCCH 



DATA 
N DATA BITS 



PILOT 


TFCI 


FBI 


TPC 


N PILOT BITS 


N TFO BITS 


N FBI BITS 


N TPC BITS 



T SLOT= 0.625ms. 10*2*^ BITS (k=a..6) 



FIG. 2B 



wo 00/62456 



PCT/KROO/00345 



4/32 




wo 00/62456 



PCT/KROO/00345 



5/32 




wo 00/62456 



PCT/KROO/00345 



6/32 




wo 00/62456 



PCT/KROO/00345 



7/32 




wo 00/62456 



PCT/KROO/00345 



8/32 




wo 00/62456 



PCT/KROO/00345 



9/32 



o 

Q 
O- 



o 
o 



• 

• 






























1 








> 


0625 ms 












TO TRANSMIT i 
: STOP 1 


• 
• 
• 






WNLINK DATA 
DPDCH 


XXX:"' 








it: 


DO 



1 



tn 
>- 



o 



o 
o 



PQ 



OQ 
Q 



ZjO 

CL Cl, 



wo 00/62456 



PCT/KROO/00345 



10/32 



CD 



OH 
LU 
CD 



O 

or 

O 
I 

o 



o 
o 

or 
o 



in 



CM 



cn 



oo 



CO 



CM 



o 

t _ 




cn 

E 
o 



5 
to 



^ ^ 

CNJ 
O 



o 

O 



o 



wo 00/62456 



PCT/KROO/00345 



11/32 




wo 00/62456 



PCT/KROO/00345 



12/32 




CO 





C-5 CJ> 



CP. 



CD CO 



55 

Q C^ 

a. 



wo 00/62456 



PCT/KROO/00345 




wo 00/62456 



PCT/KROO/00345 




wo 00/62456 



PCT/KROO/00345 



15/32 



PQ 

00 



1 s>ys'\ 



Si 



wo 00/62456 



PCT/KROO/00345 



16/32 



4)1 mm 




F 



NODHUKDATAK) 
DPDCHiSIIlP 



^ IMK 
GAiGDPCCH 

^} DPOCH 



11625 ms 



^ m 
m 

1/2 



GAiG ra 





ypii 

»IIPCQI 
flPOCH 



y[ssAC[r(iRGAe 





FIG. 8C 



wo 00/62456 



1 7/32 



PCT/KROO/00345 




j CAE SIM 



FIG. 8D 



wo 00/62456 PCT/KROO/00345 

18/32 



mm 

WON 



mm 

SOI DPCCH 



( 



nliniM 



NODOMDAIHK) 
Wl 

OPOOliSKP 



502 m 

m m 
1 



1 IPIJK 



m 
mm 

1/2 



MM 



FIG. 9A 



wo 00/62456 PCT/KROO/00345 

19/32 



EPCCH 
DOH 



use FOR GUI 





10 ms 



iGADSIiytT 



FIG. 9B 



wo 00/62456 



PCT/KROO/00345 



20/31 




wo 00/62456 



PCT/KROO/00345 




wo 00/62456 



PCT/KROO/00345 



22/32 



m iKPiioi 



mm 

fiPCCH 



m 
1/1 



ftE25rlis 



UPUi 
DPCCH 



OOiLlNl!^'^^ 



GAIING 
1/2 



UPLINK 
DPCCH 



0,625115 



DOmiNKi 
DPCCH i 



GAM 
1/4 



(1625 ns 



UPUNK 
DPCCH 



TOE 



DL-UL 
iNG 



DOiUij 
DPCCH I 



GAfJG 
1/8 



UPUi 
DPCCH I 



rf,625 ms 



mmm 

3 I 4 5:5 ] I 8 9 I 10 11 : 12 13 : 14 15 



PILOrfCllPC 



niiiNG 



piioiiFaiPt 



FIG. IIA 



wo 00/62456 



PCT/KROO/00345 



22>/2>2 



SLOiNuye 



1,2,3 



I U I 
1111 
I I I I 
H 1- 



] , 8 



9 I 10 



11 , 12 



13 



14 



15 



GAIGRAIE 
1/1 



DOiUNK 
DPCCH 



i625iiij 



UPUNK i 
OPCCH 



DOiUHKrrtning 



ILOllFaiPC 



GAllNGRATE 
1/2 



UPUNK 
DPCCH 



().625mi 



DOWNLINK 
OPCCH 



GAIGRMI 
1/4 



UPUNK 
DPCCH 



OOMK 
DPCCH 



GAIGRAIE 
1/8 



DPCCH 



i 

I I 

I ! 

I I 

I I 

I 1 



PILOTtFa IDC 



Dli-UL 
riling 



ipioifaipf 
\ / 



FIG. IIB 



wo 00/62456 



PCT/KROO/00345 



24/32 

SLOINUMGER 



. 0 . 
<< — ^ 



m iPCPiLOi 



2 I 3 , 4 , 5 



7 



10 



12 . 13 iH 



15 



GAMRAt 



DOWIUNK 
DPCCH 



— ^ 

UPUNK ' ' 
DPCCH 



Ml 

DPCCH ! i 



GAICRAIE 
1/2 



yPLINK 
DPCCH 



().625fni' 



DOM 
DPCCH 

GAIGRAIE 

\m ^-^^^^ 

DPCCH 



piioi|Fa]P(; 



I I 
i 1 
i I 
I t 
J L 



OOiUNK 

DPCCH 



GAUNG.eAF 

l/d 



I 



UPUNK 
DPCCH 



0.625niS 



PIOljFaiPf 



FIG. lie 



wo 00/62456 



PCT/KR00/0034S 



25/32 



SLOT mm 



m Km] 



2 I 3 



4 . 5 



6,7,8 



10 



12 



13 



15 



GAIGRAIE 



DOMJNK 
DPCCH 



UPLINK 
DPCCH 



TLOl 
UL\ 



DOWNLINKING 
DPCCH I 



GAUNGRAIL 
1/2 



fCIH^C 

/ 



(l.625iiii 



DPCCH 



fILOlfa 



DOWNUNK 
DPCCH 



GAUNGRAIE 
1/4 



UPUNK 
DPCCH 



().625ms 



oomK 

OPCCH 



GAUNGRAIE 
1/8 



UPLINK 
OPCCH 



CI IPC 

/ 



fiLOTjFaFj; 



FIG. IID 



wo 00/62456 



PCT/KROO/0034S 



26/32 



SIOI 



I I 

i ! 



1 



2 I 3 , 4 , 5 I 6 . I , 8 I 9 , 10 , 11 , 12 I 13 ,H ,15 



I 



GAIG RAH 



mm 

DPCCH 



UPUNK 
DPCCH 



I ! 

I I 

I I 

\ I 



DOlLIIIKilNG 
DPCCH 



loiiraE 

UL\ 



GABNGRAH 
1/2 



i625mi 



DPCCIi 



DOllINK 
DPCCH 



GAIG RAH 



UPUNK 
TO 



0.625itis 



TO 



GAIG RAH 
1/8 



UPUNK 
DPCCH 



iDL-ULj 
IIINCI 



piLoiiFaFj; 



iDL-ULi 
WGI 



FIG. HE 



wo 00/62456 



27/32 



PCT/KROO/00345 



10nfis=15 POe CONm GUOUP 



FCIIIfCPILOf 



GATING RATE 
1/1 



DOWILiNK . 
DPCCH i 



I PILOT 



1,2.3 



Bl TF 



4 


5 


6 . 7 


oo 


9 


10 


11 . 12 


13 






t 
1 
1 
I 
I 








1 1 1 
1 
I 
1 
I 
1 





;iTPC 



14, 



UPLINK 



GATING RA' 
CASEl 



DL-U 
TIMING 

DOWNLINK 
JPCCH : 



PILOT ¥CITPC 



J 



UPLINK 
DPCCH 



0.5671 



ms 



Ol-UL 
TIMING 

S PILOT TFQK 



PIOTFCITPC 



DOWNLINK 

GATING RAtP^ 
fASF? 

UPLINK 
DPCCH 



V 



/ 



m i m 



m 



m 



DL-UL 
TIMING 



FIG. 12A 



wo 00/62456 PCT/KROO/00345 

28/32 



10ms=15 POWER CONTROL GUOUP 



DOWNLINK 
DPCCH 

GATING RATE 

UPLINK ^•^'^^ 
CASLj [)p{;cH 



1 



CASE4 



DOWNLINK 
DPCCH 

GATNG RATE 

1/3 



2 i3 



4.5.6 



DL-UL 
TIMING 



UPLINK , , , 



m 



10 . 11 . 12 ■ 13 . 14 



till 



m 



m 



1 



m 



DL-UL 
TIMING 



DOWNLINK U 
DPCCH : 












GAIG RATE ^ 

CASES ^'^ UPLINK jji 
DPCCH M 


1 
i 








\4 




i 
1 









DL-UL 
TIMING 



FIG. 12A 



wo 00/62456 PCT/KROO/00345 

29/32 




FIG. 12B 



wo 00/62456 



30/32 



PCT/KR0O/O034S 



10ins=15 POWER CONM GUOUP 



0 



ira Iff c PILOT 



GAIG RAIE 
1/1 



DOmiNK 
DPCCH 



).657nls 

< W 



UPLINK 
DPCCH 



PILOT 



1 I 2 I 3 . 4 I 5 ! 6 I 7 



8 I 9 I 10 I 11 



12 



13 



14 



BIFaK 



I I I „ I I I I t 



0 ' 1 ' 2 ' 3 ' 4 ' 5 ' 6 ' 7 ' 8 ' 9 ' 10 



12 ' 13 14 



DL-UL 
TIMING 



PILOT TFCITPC 



GATING RATE 
1/3 



DOWNLINK 
OPCCH 



OPCCH 



m 



DL-UL 
IING 



GAIG RAIE 
1/5 



DOWNLINK 
DPCCH 



PLOTEITPC 



7 



UPLINK 



().66]mi 

I I 

! 1 



01-11 

miNG 



m 



m 



m 



FIG. 12C 



wo 00/62456 



PCT/KROO/00345 



31/32 




C\2 





(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(19) World Intellectual Property Organization 

International Bureau 

(43) International Publication Date 
18 January 2001 (18.01.2001) 




PCT 



llilllllilllillllii 

(10) International Publication Number 

wo 01/05067 Al 



(51) International Patent Classification'^ 



H04B 7/26 



(21) International Application Number: PCT/KROO/00740 

(22) International Filing Date: 8 July 2000 (08.07.2000) 

(25) Filing Language: English 

(26) Publication Language: English 



(30) Priority Data: 

1999/28321 



8 July 1 999 (08,07. 1 999) KR 



(71) Applicant: SAMSUNG ELECTRONICS CO., LTD 

[KR/KR]; 416, Maetan-dong, Paldal-gu, Suwon-shi, 
Kyungki-do 442-370 (KR). 

(72) Inventors: KIM, Beong-Jo; Mujigaemaeul # 201, 
Kumi-dong, Puntang-gu, Songnam-shi, Kyonggi-do 
463-500 (KR). KIM, Min-Goo; 973-3, Youngtong-dong, 
Patal-gu, Suwon-shi, Kyonggi-do 442-470 (KR). KIM, 
Se-Hyoung; Misong Apt. #2-902, Songpa 2-dong, 
Songpa-gu, Seoul 138-775 (KR). CHOI, Soon-Jae; Ky- 
ongnam Apt. #707-402, Yatap-dong, Puntang-gu, Song- 
nam-shi, Kyonggi-do 463-070 (KR). LEE, Young-Hwan; 



237-7, Chongja-dong, Puntang-gu, Songnam-shi, Ky- 
onggi-do 463-010 (KR). 

(74) Agent: LEE, Keon-Joo; Mihwa Bldg. 110-2, Myon- 
gryun-dong 4-ga, Chongro-gu, Seoul 110-524 (KR). 

(81) Designated States (national)', AE, AG, AL, AM, AT, AU, 
AZ, BA, BB, BG, BR, BY, CA, CH, CN, CR, CU, CZ, DE, 
DK, DM, DZ, EE, ES, FI, GB, GD, GE, GH, GM, HR, HU, 
ID, IL, IN, IS, JP, KE, KG, KP, KZ, LC, LK, LR, LS, LT, 
LU, LV, MA, MD, MG, MK, MN, MW, MX, NO, NZ, PL, 
PT, RO, RU, SD, SE, SG, SI, SK, SL, TJ, TM, TR, TT, TZ, 
UA, UG, UZ, VN, YU, ZA, ZW. 

(84) Designated States (regional): European patent (AT, BE, 
CH, CY, DE, DK, ES, H, FR, GB, GR, IE, FT, LU, MC, 
NL, PT, SE). 

Published: 

— With international search report. 

For two-letter codes and other abbreviations, refer to the "Guid- 
ance Notes on Codes and Abbreviations" appearing at the begin- 
ning of each regular issue of the PCT Gazette. 



(54) Title: DATA RATE DETECTION DEVICE AND METHOD FOR A MOBILE COMMUNICATION SYSTEM 



152 



RX SIGNAL- 



X 1+1 



ENERGY L 
CALCULATOR r 



154 



ENERGY I 
DIFFERENTlATORt 



:2l 



•E{X 
'E{Xi+?{ 



Di=|E{X;2|-EjXi+tj| 
=|Ai^-A 1+1^1 



156 



150 

T 



DATA RA 
DECISION 
BLOCK 



Di>= AV2 



)N I *- 

lJ 



RATE INFORMATION 



O 

O 



0 aV2 A^ 
MAXIMUM LIKEUHOOD 
DECISION 

(57) Abstract: A data rate detecting device detects a data rate for a received signal based on a variation of the energy for the respec- 
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discriminating interval, wherein i is an integer is less than m. If the difference between the average energies is greater than or equal 
to a threshold value, the device determines that the received signal in the (i+l)'th discriminating interval is transmitted at a data rate 
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DATA RATE DETECTION DEVICE AND METHOD FOR A MOBILE 

COMMUNICATION SYSTEM 



BACKGROUND OF THE INVENTION 

5 1. Field of the Invention 

The present invention relates generally to a channel signal receiving 
device and method for a mobile communication system, and more particularly, to a 
device and method for detecting the data rate of a received signal. 



10 2. Description of the Related Art 

Code division multiple access (CDMA) mobile communication systems 
have developed from the conventional mobile communication standard, which 
focused on voice service, to the IMT-2000 standard, which provides high-speed 
data transmission. The IMT-2000 standard encompasses various services, 
15 including high quality voice, moving pictures, and Internet browsing. 

Communication links provided between a mobile station and a base station in the 
CDMA mobile communication system are generally classified into a downlink 
(DL), directing data to the mobile station from the base station, and an uplink (UL), 
directing data to the base station from the mobile station. 

20 For voice or data transmission on the downlink or uplink, the data rate of 

the data may dynamically vary periodically, where the period is a predetermined 
time, e.g., 10 msec, which depends on the type of service. Usually, information 
about the data. rate is transmitted to a receiver and used for decoding. However, in 
the event the receiver fails to receive the information about the data rate, the 

25 receiver has to detect rate of the received signal actually transmitted from the 

transmitter by analyzing the received signal. This procedure, where the receiver 
detects the data rate from the received signal, is called "blind rate detection 
(BRD)". 

A description is provided herein below for a BRD operation according to 
30 the prior art which is performed in the case of voice transmission using 

convolutional codes for the purpose of forward error correction (FEC). 
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First, it is assumed that a set of data rates of voice data which a receiver 
(i.e., mobile station) uses to service a transmitter (i.e., base station) is designated as 
R = {Ri, R9, Rn}, where the data rates are Hsted in ascending order. To detect 
an actual data rate R^ reported by the transmitter, the receiver performs a Viterbi 
5 decoding of the data from the lowest data rate Rj and then checks cyclic 

redundancy codes (CRC's). If the result of CRC check for Rj is "good", there is a 
high probability that R^ = Ri, and R^ is determined as the actually transmitted data 
rate to be R,. If the result of the CRC check for R^ is "bad", the receiver continues 
a Viterbi decoding of additional data up to the next data rate R2, i.e., at a data rate 
10 (R2 - Ri), followed by CRC checks. As an attempt to reduce a false alarm potential 

of the BRD operation, the receiver checks an intemal metric for Viterbi decoding, 
in addition to the CRC check. 

As described above, the receiver first performs a Viterbi decoding and then 
a CRC check in order to detect a rate of convolution coded voice data. The BRD 

15 operation, however, is not easy to apply in the case of data transmission using 

turbo codes. This is because, unlike the Viterbi decoder, a turbo decoder has an 
intemal turbo de-interleaver the type of which is dependent on the data rate. 
Specifically, when the result of CRC check at a given data rate is "bad", the turbo 
decoder has to repeat the data decoding process from the first data rate in order to 

20 check the CRC for a next data rate, while the Viterbi decoder has only to read 

additional data to the next data rate and then continue the data decoding. Another 
reason why the BRD operation is inadequate to the turbo decoder is in that the 
turbo decoding is usually performed iteratively, with the maximum number of 
iterations for a data rate being about 8 to 12, which leads to an increase in 

25 complexity of the decoder and which takes a long delay time when the iterative 

decoding is performed for CRC checks at all data rates. 



SUMMARY OF THE INVENTION 

It is, therefore, an object of the present invention to provide a device and 
30 method for detecting a data rate from a received signal upon failure to receive 

information about the data rate in a mobile communication system. 

It is another object of the present invention to provide a device and method 
for detecting a data rate upon failure to receive information about the rate of turbo 
coded data. 
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It is yet another object of the present invention to provide a device and 
method for detecting a data rate not received during transmission of convolutional 
coded or turbo coded data. 

It is still another object of the present invention to provide a device and 
5 method for reducing complexity of a data rate detecting operation upon failure to 

receive information about the data rate. 

To achieve the above objects of the present invention, a data rate detecting 
device is provided that detects a data rate for a received signal based on a variation 
of the energy for the respective received signals between the two adjacent intervals 
10 upon failure to receive information about the data rate, and performs chaimel 

decoding of the detected data rate information. 

The data rate detecting device first divides an interval defined as between 
a lowest and highest one of a plurality of given data rates into m discriminating 
intervals. Then, the device calculates a difference between an average energy of 

15 received signals up to an i'th discriminating interval and an average energy of 

received signals for an (i+l)'th discriminating interval, wherein i is an integer and 
is less than m. If the difference between the average energies is greater than or 
equal to a threshold, the device determines that the received signal in the (i+l)*th 
discriminating interval is transmitted at a data rate corresponding to the i'th 

20 discriminating interval. 



BRIEF DESCRIPTION OF THE DRAWINGS 

The above and other objects, features and advantages of the present 
invention will become more apparent from the following detailed description when 
25 taken in conjunction with the accompanying drawings in which: 

Fig. 1 is a schematic block diagram illustrating a decoder for a mobile 
communication system including a data rate detector in accordance with the 
present invention; 

Fig. 2 is a diagram illustrating a data rate detecting operation in 
30 accordance with the present invention; 

Fig. 3 is a detailed block diagram illustrating the data rate detector shown 
in Fig. 1; 
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Fig. 4 is a flow chart illustrating the (i+l)'th interval data rate detecting 
operation in accordance with the present invention; and 

Fig. 5 is a flow chart illustrating the i'th interval data rate detecting 
operation in accordance with the present invention. 

5 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 

Turning to the drawings, a preferred embodiment of the present invention 
is described hereinbelow in detail with reference to the accompanying drawings. In 
the following description, well-known functions or constructions are not described 
10 in detail to avoid obscuring the invention in unnecessary detail. 

Fig. 1 is a schematic block diagram of a decoder of a mobile station 
receiver in a mobile communication system including a data rate detector in 
accordance with the present invention. The invention is applicable to any CDMA 
mobile communication system, such as universal mobile telecommunication 
1 5 system (UMTS), CDMA2000, etc. 

Referring to Fig. 1, a de-interleaver 110 de-interleaves a received signal to 
generate a de-interleaved signal (symbol) Xj,. Discontinuous transmission (DTX) 
bit extractor 120 extracts, from the de-interleaved signal Xj,, bits indicating a 
discontinuous transmission mode received from a base station in a discontinuous 

20 transmission mode of the mobile communication system. Data rate detector 150 

detects a variable data rate of the received signal (symbol) X^, de-interleaved at the 
de-interleaver 110, ultimately detecting the rate of the received data upon the 
failure to receive information regarding the data rate. Specifically, the data rate 
detector 150 measures variations of energy for each received signal in two adjacent 

25 intervals and -detects the data rate of the received signal based on the result of 

detection. The information about the data rate detected at the data rate detector 150 
is applied to a rate matching block 130 and a channel decoder 140. The rate 
matching block 130 receives the de-interleaved symbols to perform a reverse 
process of puncturing, i.e. symbol insertion, and a reverse process of repetition, i.e. 

30 symbol combining, thus generating rate-matched symbols. Chaimel decoder 140 

decodes the rate-matched symbols received from the rate matching block 130. The 
channel decoder 140 may be implemented with a convolutional decoder or a turbo 
decoder. The rate matching block 130 and the channel decoder 140 use the data 
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rate information received from the data rate detector 150 to perform rate matching 
and channel decoding operations. 

Fig. 2 is an illustration for explaining a data rate detecting operation of the 
present invention performed at the data rate detector 150 shown in Fig. 1. 

5 First, it is assumed that the number of symbols received at the mobile 

station receiver varies in the order of Rj, R2, R3, R4 and R5 over time, as shown in 
Fig. 2. A change in the number of symbols by the interval, e.g., 10 msec means 
that the data rate is variable. Thus it should be noted that the term "the number of 
symbols" is substantially interchangeable with the term "data rate". 

10 Fig. 2 shows a case where the base station transmitter correctly transmits 

data for intervals 1 to 4 but fails to transmit data between intervals 4 and 5. The 
data symbols in the transmission intervals 1 to 4 are de-interleaved at the de- 
interleaver 110 shown in Fig. 1 and stored in an internal buffer of the 
DTX(Discontinuous Transmission) bit extractor 120. Between the intervals 4 and 5, 

15 the base station transmitter sends DTX bits in a DTX mode. For such a DTX 

interval, the base station transmitter disables the transmission power and only an 
additive white Gaussian noise (AWGN) exists. So, the data rate is R4 for the DTX 
interval 5. As such, the present invention uses a fundamental principle that 
involves determination of a presence of the data in substantially non-transmission 

20 intervals for data or data rate information, and ultimately detection of the data rate. 

Now, a detailed description will be given to the principle of the data rate 
detection according to the present invention. 

Expediently, it is assumed that there are two data rates R, and R2. In such a 
case, the following equations may be used in order to determine, without receiving 
25 any data rate information, whether a signal has been transmitted at Rj or R2. When 

the received signal from bit position 1 to bit position Ri is Xj, and the received 
signal from bit position (Ri+1) to bit position R2 is X2, the signals X, and Xj are 
expressed by: 

[Equation 1] 

30 Xj = A, xa, +n, 



X2 = A2 X a2 + 
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In Equation 1, Aj and A2 represent transmission power levels of the signals 
transferred jfrom the base station transmitter to the mobile station receiver and 
correspond to ±A in the presence of the signals or "0" for DTX; and a2 represent 
Rayleigh random variables having a probability function of 
5 p(a,) = 2xaj xexp(-a,") or p(a2) = 2x a2 x exp(-a2^) , respectively; and n, and n2 

represent AWGN random variables with mean "0" and variance a^. If the noise 
variance of the transmission channel is a^, the interval-based energy (power) of 
the received signal is given by: 

[Equation 2] 
10 E{X,'} = A,' 

E{X2'} = A^'+a' 

The differentiation equation of the energies E{Xi^} and E{X2^} of the 
received signals gives Di as expressed by: 

[Equation 3] 

15 D, =|e{X,^}-E{X,^}| = |a,^-A, 



In Equation 3, if Ai'= A2^ is "0"; otherwise, if A2^= 0 (i.e., for DTX), 
Di is "Ai^". Namely, when the actual data rate is R2, D| nearly reaches "0"; 
otherwise, when the actual data rate is Ri, Di becomes almost "Aj^". 

The above equations can be applied only if the secondary probability 
20 characteristic, average deviation is known irrespective of the probability 

functions p(ai) and p(a2) of the Rayleigh random variables. It is of cause assumed 
that the random variables is not time varying. For reference, the differentiation 

result of the energies of the received signals D, =|e{X,^}-E{X2^}| can be 

calculated from a given interval-based energy of the individual received signals. 
25 The most important variable in determining Dj may be the accumulation of data 

sufficient to determine the average energy value. An accurate data rate may be 
determined when the minimum data rate Rj is 32 kbps, i.e., the data transmitted in 
the 10msec frame interval is more than 320 bits. 

The above-stated data rate detecting operation can be generalized as 

30 follows. 
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First, it is assumed that a set of serviceable data rates is designated as R = 
{Ri, R2, R^}, in which the data rates are listed in the ascending order. 
Information about the serviceable data rates is called "transport format set (TFS)" 
given to the mobile station by the base station in a call setup phase. If information 
5 about n data rates is given, one interval is first assigned to the largest data rate R^ 

and (n-1) intervals are assigned to the other data rates. To be differentiated from 
the interval assigned to the largest data rate R„, (n-1) intervals for the other data 
rates are defined as discriminating intervals. The data rate of the received signal 
for the individual is detectable. For instance, an average energy of the received 
10 signals up to the i'th discriminating interval is subtracted from an average energy 

of the received signals up to the (i-M)'th discriminating interval. The resulting 
subtracted value is compared to a predetermined threshold to detect the data rate of 
the received signal for the (i+l)'th interval. 

Now, the operation of detecting the data rate of the received signal for the 
15 (i+l)'th interval is described in connection with generalized expressions as follows. 

A received signal up to the i'th interval designated as Xj can be defined as: 

[Equation 4] 

Xj = Aj xaj H-Uj 

In Equation 4, Aj represents the transmission power level of the base 
20 station transmitter and correspond to ±A in the presence of the signal or "0" for 

DTX; and a^ and n^ represent the Rayleigh random variable and the AWGN random 
variable as defined above, respectively. From Equation 3, a decision criterion can 
be defined as in Equation 5 below, from 1 to n. When the received signal up to the 
i'th interval is Xj and a received signal up to the (i+l)'th interval is Xj+i, the 
25 differentiation result of the energies E{Xi^} and E{X,+i^} of the received signals 

gives Di as expressed by: 

[Equation 5] 

= |e{X,^ } - E{X,,,^ }| = |a,^ - A,,,^ I 

In Equation 5, if the data are continuously transmitted up to the (i+l)'th 
30 interval, i.e., Ai^= A^+i^, then is "0"; otherwise, if the data are transmitted up to 

the i'th interval but not transmitted from the i'th to the (i+l)'th interval (for DTX), 
i.e., Ai+i^ = 0, then is "V". Therefore, during DTX (Aj^,^ = 0), the mobile 
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station receiver searches for the initial index i and considers the corresponding Rj 
as the actual data rate for the received data from the base station transmitter. 

Fig. 3 is a schematic block diagram of the data rate detector 150 shown in 
Fig. 1, in which the data rate detector 150 comprises an energy calculator 152, an 
5 energy differentiator 154 and a data rate decision block 156. 

Referring to Fig. 3, the energy calculator 152 measures energy for a 
received signal Xj up to the i'th interval and energy Ej+i for a received signal Xj+j 
from the i'th interval to the (i+l)'th interval. Namely, the energy calculator 152 
accumulates the received signals up to the i'th interval and the received signals up 
10 to the (i+l)'th interval to calculate energies and Ej+j for the respective received 

signals X^ and Xi+, according to Equation 6 below, which is used to calculate 
energy Ej+j for the received signal Xi+|. 

[Equation 6] 

1 

Ei,, = 5]X^dk 

15 The energy differentiator 154 calculates a difference (D^) between energy 

E{Xi^} in the i'th interval and energy E{X,+i^} in the (i+l)'th interval, as obtained 
in Equation 6. The difference between the energies E{Xj^} and E{Xi+,^} may be 
expressed as a difference between the squares of the transmission power levels, as 
defined in Equations 3 and 5, i.e., a difference between a square A,^ of the 

20 transmission power level of a received signal for the i'th interval in the i'th interval, 

and a square Aj+i^ of the transmission power level of a received signal for the 
(i+l)'th interval. The data rate decision block 156 determines the rate of the 
transmission data using the energy difference D, calculated at the energy 
differentiator 154. If is a desired value Aj^ as in Equation 5, the data rate 

25 decision block 156 determines the data rate Rj for the i'th interval as the rate of the 

presently transmitted data. 

However, considering the actual channel environment, it is impossible that 
the energy difference between the two intervals as designated by Dj is "0" or A^^. 
That is, the difference itself is a probability variable, where the conditional 
30 expectation of Di satisfies Em\ = A.J] = 0 and E{D.\ A^ ^ A,J} = . Thus, 

the data rate decision block 156 compares the energy difference Dj between the 
two adjacent intervals with a threshold value to determine the data rate. More 
particularly, the data rate decision blockl56 determines the data rate Rj for the 
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previous interval, the i'th interval as the data rate for the current interval when the 
energy difference Dj between the two adjacent intervals is less than or equal to the 
threshold value. The threshold value can be designated as a medium value between 
"0" and A^, i.e., according to a maximum likelihood (ML) principle. Here, A 
5 denotes the transmission power level of the received signal from the base station 

transmitter and AV2 is half the transmission power level of the received signal. 
The information about the data rate determined by the data rate decision block 156 
is applied to the rate matching block 130 and the channel decoder 140, as shown in 
Fig.L 

10 The flow chart of Figs. 4 and 5 illustrate a data rate detecting operation 

using the above equations which is performed at the data rate detector 1 50 shown 
in Fig. 3. Fig. 4 is a flow chart illustrating an operation of detecting the data rate 
for the (i+l)'th interval from the energies of the received signals for the two 
adjacent intervals, the i'th and (i+l)'th intervals. Fig. 5 is a flow chart illustrating a 

15 general operation of detecting the data rate for the i'th interval. 

Referring to Fig. 4, the data rate detector 150 shown in Fig. 1 calculates 
the energy difference Dj between the two adjacent intervals for each iteration and 
compares the energy difference Dj with a threshold value AV2. The data rate 
detector 150 estimates the data rate Rj for the i'th interval as an actual data rate R^^, 
20 in step 405, when the energy difference Dj is greater than or equal to the threshold 

value. 

Specifically, the energy calculator 152 shown in Fig. 3 accumulates 
received signal Xj between the (i-l)'th interval and the i'th interval in step 401, and 
calculates energy E{Xj^} for the received signal Xj in step 402. Also, the energy 
25 calculator 152 accumulates received signal Xj+i between the i'th interval and the 

(i+l)'th interval and calculates energy E{Xj+i^} for the received signal X^+i in step 
402. The energy differentiator 154 calculates an energy difference between the two 
adjacent intervals, in step 403. That is, the energy differentiator 154 determines the 
energy difference between the two intervals as Dj =|e{X.^}-E{Xj^j^}|. As 

30 previously stated, the energy difference can also be expressed as Dj = |Aj^ - Aj^,^j . 

In step 404, the data rate decision block 156 compares the energy difference 
between the two adjacent intervals with a threshold value, i.e., it determines 
whether the energy difference Dj is greater than or equal to the threshold value 
AV2. When the energy difference Dj is greater than or equal to the threshold value 
35 AV2, the data rate decision block 156 estimates the data rate Rj for the i'th interval 
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as the actual data rate R^^^ for the current (i+l)'th interval, in step 405. The 
estimated data rate is provided to the DTX bit extractor 120, the rate matching 
block 130 and the channel decoder 140, as shown in Fig. 1, and used for rate 
matching and channel decoding operations. 

Referring to Fig. 5, in step 501, the data rate detector initializes the search 
interval i to "1" and the average power (energy) for the previous interval E{Xi,i^} 
to "0". The energy calculator 152 shown in Fig. 3 calculates, in step 502, the 
average power for the search interval 1, i.e., first calculates the average power for 
the current interval E{Xi^}. In step 503, the energy differentiator 154 calculates (a 
second calculation) an energy difference between the previous interval and the 
current interval according to discriminating equation Dj.,. If the data rate decision 
block 156 determines in step 504 that the result of discriminating equation Dj., is 
greater than or equal to the threshold value AV2 (where, the data rate means "0" 
kbps as i = 1), the data rate decision block 156 estimates the data rate for the 
current interval R^g^ the data rate for the previous interval (R ^.i) in step 508. 

Otherwise, i.e., if it is determined in step 504 that the result of 
discriminating equation D is less than the threshold value AV2, the data rate 
decision block 156 stores the average power E{Xi^} for the current interval in the 
average power E{Xj.i^} for the previous interval in step 505, and increases i by one 
for searching the next interval in step 506. The energy calculator 162 in step 507 
calculates (a third calculation) the average power in the interval i+1 and then stores 
the calculated average power in the average power E{Xi^} for the current interval. 
The process returns to step 503 to calculate the discriminating equation Dj.| based 
on the average power E{Xi^} and compares in step 504 the result value of the 
discriminating equation Dj.i with the threshold value. 

While repeating the above procedures, when it is determined as D > A^/2 
in step 504, the data rate decision block 156 estimates the data rate R^st of the 
current interval as the data rate R^.j up to the previous interval. 

As described above, the present invention estimates a data rate for a 
received signal prior to a decoding operation even when no information about the 
data rate is received from the base station transmitter, which reduces the 
complexity as compared to the conventional BRD operation which detects the data 
rate after Viterbi decoding and the CRC check. The present invention thereby 
reduces the complexity in detecting the rate of turbo-encoded data without a need 
of a rate-based decoding operation, in the worse case, as often as the maximum 
number of iterations. 
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Furthermore, the present invention determines the data rate using only 
accumulated statistics, irrespective of the type of the channel encoder, and is thus 
compatible with any channel encoder. For example, even with a convolutional 
encoder is used, the present invention makes it possible to estimate the data rate 
5 with reliability for a frame whose data rate is not less than a threshold value. 

While the invention has been shown and described with reference to a 
certain preferred embodiment thereof, it will be understood by those skilled in the 
art that various changes in form and details may be made therein without departing 
from the spirit and scope of the invention as defined by the appended claims. 
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WHAT IS CLAIMED IS: 



1. A method for detecting a data rate in a mobile communication 
system, comprising the steps of: 
5 dividing an interval defined as between a lowest and highest one of a 

plurality of predetermined data rates into m discriminating intervals, wherein m is 
an integer; and 

calculating a difference between an average energy of received signals up 
to an i'th discriminating interval and an average energy of received signals for an 
10 (i+l)'th discriminating interval, wherein i is an integer and is less than m; and 

when the difference between the average energies is greater than or equal 



to a threshold value, determining that the received signal in the (i+l)'th 
discriminating interval is transmitted at a data rate corresponding to the i'th 
discriminating interval. 

15 

2. The method as claimed in claim 1, wherein the threshold value is 
defined as A^/2, wherein A represents a transmission power level of the received 
signal up to the i'th discriminating interval. 

20 3. A device for detecting a data rate in a mobile communication 

system, in which an interval is defined as between a lowest and highest one of a 
plurality of given data rates being divided into m discriminating intervals, wherein 
m is an integer, the device comprising: 

an energy calculator for calculating an average energy of received signals 

25 up to an i'th discriminating interval and an average energy of received signals for 

an (i+l)'th discriminating interval, wherein i is an integer and is less than m; 

an energy differentiator for calculating a difference between the average 
energy of received signals up to the i'th discriminating interval and the average 
energy of recqived signals for the (i-M)'th discriminating interval; and 

30 a data rate decision block for determining a data rate corresponding to the 

i'th discriminating interval as a data rate for the received signal in the (i+l)'th 
discriminating interval, when the difference between the average energies 
calculated in the energy calculator is greater than a threshold value. 



35 



4. The device as claimed in claim 3, wherein the threshold value is 
defined as AV2, wherein A represents a transmission power level of the received 
signal up to the i'th discriminating interval. 
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5. A method for detecting a data rate in a mobile communication 
system, in which a base station has previously provided a mobile station with 
information about a plurality of data rates variably serviceable and the mobile 
station detects one of the plurality of data rates as a data rate for a received signal, 
5 the method comprising the steps of: 

(a) dividing an interval defined as between a lowest and highest one of the 
plurality of data rates into m discriminating intervals, wherein m is an integer; and 

(b) calculating an average energy of a received signal corresponding to a 
first discriminating interval out of the m discriminating intervals; 

10 (c) calculating an average energy of a received signal corresponding to a 

second discriminating interval next to the first discriminating interval; 

(d) calculating a difference between the average energies obtained in steps 
(b) and (c); and 

(e) estimating that the received signal for the second discriminating 
15 interval is transmitted at a data rate corresponding to the received signal for the 

first discriminating interval, when the difference between the average energies is 
greater than or equal to a threshold value, or 

setting the first discriminating interval as the next discriminating interval 
when the difference between the average energies is greater than or equal to the 
20 threshold value, 

the steps (b) to (e) for the received signals up to the newly set 
discriminating interval being repeated until the difference exceeds the threshold 
value. 



wo 01/05067 



PCT/KROO/00740 



1/5 



A 



_J or 
^ UJ 



o 



<: 



o 

CD 



o 



or 
. o 

m o 
: a: 



o 
in- 



ten 



X 



wo 01/05067 



2/5 



PCT/KROO/00740 




or 



C\2 



CO 
I 

o 
o 

LU 
CD 



en 



to 



CNI 



o 

cn 

E 
o 



m 








1 




1 






<: 


<: 






> 


> 




q: 






or 






i 










2 



Q:: 



wo 01/05067 



PCT/KROO/00740 



3/5 



O 

<: 

en 
o 



on 



§1 



CO 



CO 



CM 

in- 




wo 01/05067 



PCT/KROO/00740 



4/5 



INTERVAL(I) 



INTERVAL(i+1) 



(401) 



(402) 



RX SIGNAL Xi =AiX aj + n 



I 



RX SIGNAL X i+1 = A j+i X a j+i +n i+i 



ENERGY E{Xi ^ } 



I 



ENERGY EiXi+1 } 



(403) 



(404) 



(405) 



Di= lEfXi^ }-E{X m^l 
=1 Ar2_Ai+i2| 




FIG. 4 



wo 01/05067 



PCT/KROO/00740 



5/5 



INITIAUZATION 
501— { i=1, Ro=0 



502 



503 



1ST CALCULATION 

for ith interval 



2ND CALCULATION 
[VrlEiX^,!-E{X?il 



504 



508 




1 3RD CALCULATIOr 

ElXfl K-507 
FOR ith INTER VAL! 

f 



r 



i=i+i 



1 



^ 



506 



E{X^,1 ^ Ej)^ - 505 



FIG. 5 



IPn-ERNATIONAL SEARCH REPORT 



international application No. 
PCT/KROO/00740 



A. CLASSIFICATION OF SUBJECT MATTER 
IPC7 H04B7/26 

According to International Patent Classification (IPC) or to both national classification and IPC 

B, FIEL DS SEARCHED 

Minimun documentation searched (classification system followed by classification symbols) 

IPC7 H04B, H04L 

Documentation searched other than minimun documentation to the extent that such documents arc included in the filcds searched 
Korean Patents and applications for inventions since 1975 
Korean Utility models and applications for Utility models since 1975 

Electronic data base consulted during the intertnational search (name of data base and. where practicable, search trerms used) 



C DOCUMENTS CONSIDERED TO BE RELEVANT 



Category* 



Citation of document, with indication, where appropriate, of the relevant passages 



Relevant to claim No. 



US 5566206 A (Qualcomm INC.) 

15 October 1996 

See the whole document 

US 5671255 A (Motorola INC.) 
23 September 1997 
See the whole document 

US 5751725 A (Qualcomm INC.) 

12 May 1998 

See the whole document 



1,3,5 



1,3,5 



1,3,5 



I I Further documents are listed in the continuation of Box C. 



See patent family annex. 



* Special categories of cited documents: 

"A" document detlning the general state of the art which is not considered 

to be of particular relevence 
"E" earlier application or patent but published on or aiter the international 

filing date 

"L" document which may throw doubts on priority ciaim(s) or which is 
cited to establish the publication date of citation or other 
special reason (as specified) 

"O" document referring to an oral disclosure, use, exhibition or other 
means 

"P" document published prior to the imemaiional filing date but later 
than the priority date claimed 



"T" 



•X" 



later document published after the international filing date or priority 
date and not in conflict with the application but cited to understand 
the principle or theory underlying the invention 
document of particular relevence; the claimed invention cannot be 
considered novel or cannot be considered to involve an inventive 
step when the document is taken alone 

document of particular relevence; the claimed invention cannot be 
considered to involve an inventive step when the document is 
combined with one or more other such documents.such combination 
being obvious to a person skilled in the art 
document member of the same patent family 



Date of the actual completion of the mtcrnationai search 
24 OCTOBER 2000 (24.10.2000) 


Date of mailing of the international search report 
25 OCTOBER 2000 (25.10.2000) 


Name and mailing address of the ISA/KR 
Korean Industrial Property OfBce 

Government Complex-Tacjon, Dunsan-dong, So-ku. Taejon 
Metropolitan City 302-701, Republic of Korea 

Facsimile No. 82-42-472-7140 


Authorized ofEicer .. ■^•^-■■■r., 

YOON, Byoung Soo ; '^^^ Vtm^^ 
Teleohone No. 82-42-481-5709 



Form PCT.TSA/210 (second sheet) (July 1998) 



INTERNATIONAL SEARCH REPORT 
Information on patent familv members 



International application No. 
PCT/KROO/00740 



Patent document 
cited in search report 



Publication 
date 



Patent family 
member(s) 



Publication 
date 



US5566206 A 10.15.1996 WO 9501032 A1 05.01.1995 

KR 191295 Bl 15.06.1999 

JP 3067804 B2 24.07.2000 

EP 705512 Bl 01.10.1997 

US 5671255 A 23. 09. 1997 WO 9737471 Al 09.10.1997 

JP 1 1506597 Tl 08.06.1999 

EP 830770 Al 25.03. 1998 

US 5751725 A 12. 05. 1998 EP 932963A1 04.08.1999 

CN 1234160 A 03.11.1999 

AU 4822097 Al 15.05. 1998 



Form PCT/ISA210 (patent family annex) (July 1998) 



(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(19) World Intellectual Property Organization 

International Bureau 

(43) International Publication Date 
20 September 2001 (20.09,2001) 




PCT 



(10) International Publication Number 

WO 01/69801 A2 



(51) International Patent Classification'^: H04B 

(21) International Application Number: PCTAJSO 1/05576 

(22) International Filing Date: 21 February 2001 (21.02.2001) 

(25) Filing Language: English 

(26) Publication Language: English 



(30) Priority Data: 

60/189,680 
60/207,700 



15 March 2000 (15.03.2000) US 
26 May 2000 (26.05.2000) US 



(71) Applicant: INTERDIGITAL TECHNOLOGY COR- 
PORATION [US/US]; 300 Delaware Avenue, Suite 527, 
Wilmington, DE 19801 (US). 

(72) Inventors: MISRA, Raj, Mani; 358 7th Avenue #157, 
Brooklyn, NY 11215 (US). PAN, Jung-Lin; 15 Court 



Street, Selden, NY 1 1784 (US). ZEIRA, Ariela; 239 West 
Neck Road, Huntington, NY 11743 (US). 

(74) Agents: VOLPE, Anthony, S. et al.; Volpe and Koenig, 
PC, One Penn Center, Suite 400, 1617 John F. Kennedy 
Boulevard, Philadelphia, PA 19103 (US). 

(81) Designated States (national): CA, CN, JP, KR. 

(84) Designated States (regional): European patent (AT, BE, 
CH, CY, DE, DK, ES, H, FR, GB, GR, IE, IT, LU, MC, 
NL, PT, SE, TR). 

Published: 

— without international search report and to be republished 
upon receipt of that report 

For two-letter codes and other abbreviations, refer to the "Guid- 
ance Notes on Codes and Abbreviations" appearing at the begin- 
ning of each regular issue of the PCT Gazette. 



(54) Title: MULTI-USER DETECTION USING AN ADAPTIVE COMBINATION OF JOINT DETECTION AND SUCCESSIVE 
INTERFERENCE CANCELLATION 



< 



QO 
ON 



O 



66i 



MATWRLIBt 
FQRGR0UP1 



fi^} 



662 



MATCH Ftt.1ER 



«IOIIIT DClECnON 
BLOCK FOR 



70i 



sorrioHM 
etocx 



72i 



INIBVOENCEFOR 
C0N8TOCT0N BLOCK 



682 



JOINT OrrECItCN 
BLOCK FDR 
OROUPZ 



SOFT TO HMD 
OeCBKMS 
BUCK 



72j 



MlbRKRBKE FOR 
0R0UP2 
CONSTRUCTION BLOCK 



• 


66q 


v(0) 


680 




Too 


2(0> 


i . 


MATCH FILTER 


JOINT DETECTION 
BLOCK FOR 
OROUFG 


son 10 HARP 
0£CI8iaN8 




fOROROUF G 






BLOCK 





(57) Abstract: A time division duplex communication system using code division multiple access transmits a plurality of data sig- 
nals over a shared spectrum in a time slot. A combined signal is received over the shared spectrum in the time slot. The plurality 
of data signals are grouped into a plurality of groups. The combined signal is matched filtered based on in part symbol responses 
associated v^ith the data signals of one of the groups. Data from each data signal in the one group is jointly detected. An interfer- 
ence signal is constructed based on in part the one group detected data. The constructed interference signal is subtracted from the 
combined signal. Data from the other groups is detected by processing the subtracted signal. 
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MULTI-USER DETECTION USING AN ADAPTIVE COMBINATION OF 
JOINT DETECTION AND SUCCESSIVE INTERFERENCE 

CANCELLATION 

This application claims priority to U.S. Provisional Patent Application No. 
60/189,680, filed on March 15, 2000 and U.S. Provisional Patent Application No. 
60/207 JOO, filed on May 26, 2000. 

BACKGROUND 

The invention generally relates to wireless communication systems. In 
particular, the invention relates to joint detection of multiple user signals in a 
wireless communication system. 

Figure 1 is an illustration of a wireless communication system 10. The 
communication system 10 has base stations 12^ to I25 which communicate with user 
equipments (UEs) 14^ to 14^. Each base station 12^ has an associated operational 
area where it conraiunicates with UEs 14^ to 14^ in its operational area. 

In some communication systems, such as code division multiple access 
(CDMA) and time division duplex using code division multiple access 
(TDD/CDMA), multiple communications are sent over the same frequency speclrum. 
These conmiunications are typically differentiated by their chip code sequences. To 
more efficiently use the frequency spectrum, TDD/CDMA communication systems 
use repeating frames divided into time slots for communication. A communication 
sent in such a system will have one or multiple associated chip codes and time slots 
assigned to it based on the communication's bandwidth. 

Since multiple communications may be sent in the same frequency spectrum 
and at the same time, a receiver in such a system must distinguish between the 
multiple communications. One approach to detecting such signals is matched 
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filtering. In matched filtering, a communication sent with a single code is detected. 
Other communications are treated as interference. To detect multiple codes, a 
respective number of matched filters are used. Another approach is successive 
interference cancellation (SIC). In SIC, one communication is detected and the 

5 contribution of that communication is subtracted from the received signal for use in 

detecting the next communication. 

In some situations, it is desirable to be able to detect multiple communications 
simultaneously in order to improve performance. Detecting multiple 
communications simultaneously is referred to as joint detection. Some joint 

10 detectors use Cholesky decomposition to perform a minimum mean square error 

(MMSE) detection and zero-forcing block equalizers (ZF-BLEs). These detectors 
have a high complexity requiring extensive receiver resources. 

Accordingly, it is desirable to have alternate approaches to multi-user 
detection. 



15 SUMMARY 

A time division duplex communication system using code division multiple 
access transmits a plurality of data signals over a shared spectrum in a time slot. A 
combined signal is received over the shared spectrum in the time slot. The plurality 
of data signals are grouped into a plurality of groups. The combined signal is 

20 matched filtered based on in part symbol responses associated with the data signals 

of one of the groups. Data from each data signal in the one group is jointly detected. 
An interference signal is constructed based on in part the one group detected data. 
The constructed interference signal is subtracted from the combined signal. Data 
from the other groups is detected by processing the subtracted signal. 

25 BRIEF DESCRIPTION OF THE DRAWING(S) 

Figure 1 is a wireless communication system. 

Figure 2 is a simplified transmitter and a receiver using joint detection. 
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Figure 3 is an illustration of a communication burst. 

Figure 4 is a flow chart of adaptive combination of joint detection and 
successive interference cancellation. 

Figure 5 is an illustration of an adaptive combination of joint detection and 
5 successive interference cancellation device. 

Figures 6-1 2 are graphs comparing the performance of adaptive combination 
of joint detection and successive interference cancellation, full joint detection and 
a RAKE receiver. 



DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT(S) 

10 Figure 2 illustrates a simplified transmitter 26 and receiver 28 using an 

adaptive combination of joint detection (JD) and successive interference cancellation 
(SIC), "SIC-JD", in a TDD/CDMA communication system. In a typical system, a 
transmitter 26 is in each UE 14^ to 14^ and multiple transmitting circuits 26 sending 
multiple communications are in each base station 12i to I25. A base station 12j will 

1 5 typically require at least one transmitting circuit 26 for each actively communicating 

UE 14i to 143. The SIC-JD receiver 28 may be at a base station 12i, UEs 14^ to I43 
or both. The SIC-JD receiver 28 receives conraiunications from multiple 
transmitters 26 or transmitting circuits 26. 

Each transmitter 26 sends data over a wireless radio channel 30. A data 

20 generator 32 in the transmitter 26 generates data to be communicated over a 

reference channel to a receiver 28. Reference data is assigned to one or multiple 
codes and/or time slots based on the communications bandwidth requirements. A 
modulation and spreading device 34 spreads the reference data and makes the spread 
reference data time-multiplexed with a training sequence in the appropriate assigned 

25 time slots and codes . The resulting sequence is referred to as a communication burst. 

The communication burst is modulated by a modulator 36 to radio frequency. An 
antenna 38 radiates the RF signal through the wireless radio channel 30 to an 
antenna 40 of the receiver 28. The type of modulation used for the transmitted 
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communication can be any of those known to those skilled in the art, such as direct 
phase shift keying (DPSK) or quadrature phase shift keying (QPSK). 

A typical communication burst 16 has a midamble 20, a guard period 1 8 and 
two data bursts 22, 24, as shown in Figure 3. The midamble 20 separates the two 
data bursts 22, 24 and the guard period 18 separates the communication bursts to 
allow for the difference m arrival times of bursts transmitted from different 
transmitters. The two data bursts 22, 24 contain the communication burst's data and 
are typically the same symbol length. The midamble contains a training sequence. 

The antenna 40 of the receiver 28 receives various radio frequency signals. 
The received signals are demodulated by a demodulator 42 lo produce a baseband 
signal. The baseband signal is processed, such as by a channel estimation device 44 
and a SIC-JD device 46, in the time slots and with the appropriate codes assigned to 
the communication bursts of the corresponding transmitters 26. The channel 
estimation device 44 uses the training sequence component in the baseband signal 
to provide channel information, such as channel impulse responses. The channel 
information is used by the SIC-JD device 46 to estimate the transmitted data of the 
received communication bursts as hard symbols. 

The SIC-JD device 46 uses the channel information provided by the channel 
estimation device 44 and the known spreading codes used by the transmitters 26 to 
estimate the data of the various received communication bursts. Although SIC-JD 
is described in conjunction with a TDD/CDMA communication system, the same 
approach is applicable to other communication systems, such as CDMA. 

One approach to SIC-JD in a particular time slot in a TDD/CDMA 
communication system is illustrated in Figure 4. A number of communication bursts 
are superimposed on each other in the particular time slot, such as K communication 
bursts. The K bursts may be from K different transmitters. If certain transmitters are 
using multiple codes in the particular time slot, the K bursts may be from less than 
K transmitters. 
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Each data burst 22, 24 of the communication burst 16 has a predefined 
number of transmitted symbols, such as Ns- Each symbol is transmitted using a 
predetermined number of chips of the spreading code, which is the spreading factor 
(SF). In a typical TDD communication system, each base station 12, to 1 25 has an 
5 associated scrambling code mixed with its communicated data. The scrambling code 

distinguishes the base stations from one another. Typically, the scrambling code 
does not affect the spreading factor. Although the terms spreading code and factor 
are used hereafter, for systems using scrambling codes, the spreading code for the 
following is the combined scrambling and spreading codes. As a result, each data 
10 burst 22, 24 has Ns x SF chips. After passing through a channel having an impulse 

response of W chips, each received burst has a length of SF x + W -1, which is 
also represented as N, chips. The code for a k* burst of the K bursts is represented 
byC« 

Each k"" burst is received at the receiver and can be represented by Equation 

15 1. 

— Equation 1 

r^''^ is the received contribution of the k"" burst. A^"^ is the combined channel 
response, being an N, x matrix. Each j* column in A^""' is a zero-padded version 
of the symbol response s"=^ of the j* element of d^''^ The symbol response s^^^ is the 
20 convolution of the estimated response h*^ and spreading code C*^ for the burst. 

is the unknown data symbols transmitted in the burst. The estimated response for 
each k* burst, h**, has a length W chips and can be represent by Equation 2. 



— Equation 2 
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Y^^^ reflects the transmitter gain and/or path loss. LL represents the burst-specific 

fading channel response or for a group of bursts experiencing a similarly channel, iL 
represents the group-specific channel response. For uplink communications, each 
h^^^ as well as each y^^^ and L are distinct. For the downlink, all of the bursts have 

- (k) 

5 the same !l but each y^^^ is different. If transmit diversity is used in the downlink, 

each Y^^^ and L are distinct. 

The overall received vector from all K bursts sent over the wireless channel 
is per Equation 3. 

Equation 3 

10 n is a zero-mean noise vector. 

By combining the A^^- for all data bursts into matrix A and all the unknown 
data for each burst into matrix d. Equation 1 becomes Equation 4. 
r = A^ + rt 

Equation 4 

15 SIC-JD determines the received power of each k'^ burst. This determination 

may be based on apriori knowledge at the receiver 28, burst-specific channel 
estimation from a burst-specific training sequence, or a bank of matched filters. The 
K bursts are arranged in descending order based on the determined received power. 
Bursts having roughly the same power level, such as within a certain 

20 threshold, are grouped together and are arranged into G groups, 48. The G groups 

are arranged into descending order by their power, such as from group 1 to G with 
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group 1 having the highest received power. Figure 5 is an illustration of a SIC-JD 
device 46 perfonning SIC-JD based on the G groups. 

For the group with the highest received power, group 1, the symbol response 
matrix for only the bursts in group 1, A^^^\ is determined. Ag^*^ contains only the 
symbol responses of the bursts in group 1 . The received vector, r, is modeled for 
group 1 as Xg^^^ As a result. Equation 4 becomes Equation 5 for group 1. 

Equation 5 

dg^^^ is the data in the bursts of group 1 . Equation 5 addresses both the effects of inter 
symbol interference (ISI) and multiple access interference (MAI). As a result, the 
effects of the other groups, groups 2 to G, are ignored. 

The received vector, x/^\ is matched filtered to the symbol responses of the 
bursts in group 1 by a group 1 matched filter 66 1, such as per Equation 6, 50. 

Equation 6 

yg^^^ is the matched filtered result. 

A joint detection is performed on group 1 by a group 1 joint detection device 

A (]) 

68, to make a soft decision estimate of d g ,,ofi , using the matched filtered result Xg^\ 

One JD approach is to compute the least-squares, zero-forcing, solution of Equation 
7. 

-(1) / H (1) 

d,.^j, = U" 

Equation 7 

A^^^" is the hermetian of ^4 Another JD approach is to compute the niinimum 
mean square error solution (MMSE) as per Equation 8. 
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Equation 8 

I is the Identity matrix and is the standard deviation. 

One advantage to performing joint detection on only a group of bursts is that 
the complexity of analyzing a single group versus all the signals is reduced. 

5 Since A and A ^/^ are banded block Toeplitz matrices, the complexity in solving 

either Equation 7 or 8 is reduced. Additionally, Cholesky decomposition may be 
employed with a negligible loss in performance. Cholesky decomposition performed 
on a large number of bursts is extremely complex. However, on a smaller group of 
users, Cholesky decomposition can be performed at a more reasonable complexity. 

a(1) All) 

10 The soft decisions, d g,sofi , are converted into hard decisions, d g^rd , by soft 

to hard decision block 70, as the received data for group 1 , 54. To process the other 
weaker groups, the multiple access interference caused by group 1 onto the weaker 
groups is estimated by a group 1 interference construction block 72, using Equation 
9,56. 

15 Equation 9 

A(I) 

r is the estimated contribution of group 1 to r. 

For the next group 2, the estimated contribution of group 1 is removed from 
the received vector, Xg^^^ to produce Xg^^\ such as by a subtractor 74j, as per Equation 
10,58. 

20 Equation 10 

-8- 
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As a result, multiple access interference from group 1 is effectively canceled 
from the received signal. The next strongest group, group 2, is processed similarly 
using xf^\ with group 2 matched filter 663, group 2 JD block 683, soft to hard 
decision block 7O2 and group 2 interference construction block 722, 60. The 
5 constructed group 2 interference, r is subtracted, such as by subtractor 24,, from 

the interference cancelled signal for group 2, x}p -f^^^ =x}p , 62. Using this 

procedure, each group is successively processed until the final group G. Since group 
G is the last group, the interference construction does not need to be performed. 
Accordingly, group G is only processed with group G matched filter 66^, group G 
10 JD block 68g and soft to hard decisions block 70^ to recovery the hard symbols, 64. 

When SIC-JD is perfonned at a UE 14i, it may not be necessary to process all 
of the groups. If all of the bursts that the UE 14^ is intended to receive are in the 
highest received power group or in higher received power groups, the UE 14j will 
only have to process the groups having its bursts. As a result, the processing 
15 required at the UE 14^ can be further reduced. Reduced processing at the UE 14i 

results in reduced power consumption and extended battery life. 

SIC-JD is less complex than a single-step JD due to the dimension N, x K • 
Ns matrix being replaced with G JD stages of dimension N^. x n^ • N^, where i = 1 to 
G. Ui is the number of bursts in the i'^ group. The complexity of JD is proportional 
20 to the square to cube of the number of bursts being jointly detected. 

An advantage of this approach is that a trade-off between computational 
complexity and performance can be achieved. If all of the bursts are placed in a 
single group, the solution reduces to a JD problem. The single grouping can be 
achieved by either forcing all the bursts into one group or using a broad threshold. 
25 Alternately, if the groups contain only one signal or only one signal is received, the 

solution reduces to a SIC-LSE problem. Such a situation could result using a narrow 
threshold or forcing each burst into its own group, by hard limiting the group size. 
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By selecting the thresholds, an optional tradeoff between performance and 
complexity can be achieved. 

Figures 6 to 12 are simulation results that coir^are the bit error rate (BER) 
performance of SIC-JD to full JD and RAKE-like receivers under various multi-path 
5 fading channel conditions. The parameters chosen are those of the 3G UTRA TDD 

CDMA system: SF = 61 and W = 51. Each TDD burst/time-slot is 2560 chips or 
667 microseconds long. The bursts carry two data fields with Ns QPSK symbols 
each, a midamble field and a guard period. Each simulation is run over 1000 
timeslots. In all cases the number of bursts, K is chosen to be 8. All receivers are 
10 assumed to have exact knowledge of the channel response of each burst, which is 

used to perfectiy rank and group the bursts. The channel response is assumed to be 
time-invariant over a time-slot, but successive time-slots experience uncorrelated 
channel responses. No channel coding was applied in the simulation. The JD 
algorithm joinfly detects all K bursts. The RAKE-like receiver was a bank of 

15 matched filters, = A'"" /'^ , for an i* burst's code. The maximal ratio combiner 

(MRC) stage is implicit in these filters because they are matched to the entire 

S3rmbol-response. 

The performance was simulated under fading channels with multi-path 
profiles defined by the ITU channel models, such as the Indoor A, Pedestrian A, 

20 Vehicular A models, and the 3GPP UTRA TDD Working Group 4 Case 1 , Case 2 

and Case 3 models. In Vehicular A and Case 2 channels, the SIC-JD suffered a 
degradation of up to 1 decibel (dB) as compared to the full JD in the 1% to 10% 
BER range. For all other channels, the SIC-JD performance was within 0.5 dB of 
that of the full JD. Since Vehicular A and Case 2 represent the worst-case amongst 

25 all cases studied, only the performance plots are shown. Amongst all channels 

simulated. Vehicular A and Case 2 have the largest delay spread. Vehicular A is a 
six tap model with relative delays of 0, 310, 710, 1090, 1730 and 2510 nanoseconds 
and relative average powers of 0, -1, -9, -10, -15 and -20 decibels (dB). Case 2 is a 



-10- 



wo 01/69801 PCTAJSOl/05576 

3 tap model, all with the same average power and with relative delays of 0, 976 and 
1200 nanoseconds. 

Figures 6 and 7 compare the bit error rate (BER) vs. the chip-level signal to 
noise ratio (SNR) performance of the SIC-LSE receiver with the full JD and RAKE- 

5 like receivers under two multi-path fading channel conditions. The group size is 

forced to be 1, to form K groups, both, at the transmitter and receiver. The 
theoretical binary phase shift keying (BPSK) BER in an additive white gaussian 
noise (AWGN) channel that provides a lower bound to the BER is also shown. The 
BER is averaged over all bursts. Figure 6 represents the distinct channel case 

10 wherein each burst is assumed to pass through an independently fading channel but 

all channels have the same average power leading to the same average SNR, Thus, 

in this case, h^'\i=h"K are distinct while r^'\i =l-"K are all equal. Such a 

situation exists in the uplink where the power control compensates for long-term 
fading and/or path-loss but not for short-term fading. At each time-slot, the bursts 
15 were arranged in power based upon the associated h}'\i = h"K . Figure 7 shows 

similar plots for the common channel case. All bursts are assumed to pass through 
the same multi-path channel, i.e., = h-K and are all equal, but with different 

Y^'\i =h"K . The S^'^ are chosen such that neighboring bursts have a power 
separation of 2 dB when arranged by power level. Such difference in power can 

20 exist, for instance, in the downlink where the base station 12^ applies different 

transmit gains to bursts targeted for different UEs 14^ to 14^, Figures 6 and 7 show 
that in the range of 1% to 10% bit error rate (BER), the SIC-LSE suffers a 
degradation of less than 1 dB as compared to the JD. This is often the range of 
interest for the uncoded BER (raw BER). The RAKE receiver exhibits significant 

25 degradation, since it does not optimally handle the ISI. As the power differential 

between bursts increases, the performance of SIC-LSE improves. Depending upon 
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the channel a power separation of 1 to 2 dB is sufficient to achieve a performance 
comparable to that of the full JD. 

Figures 8, 9, 10 and 1 1 compare the BER vs. SNR performance of the SIC-JD 
receiver with the full JD and RAKE-like receivers under two multi-path fading 
channels. The 8 codes are divided into 4 groups of 2 codes each at the transnnitter 
and receiver. The BER is averaged over all bursts. Figures 8 and 9 represent the 
distinct channel case wherein different groups are assumed to pass through 
independently fading channels. However, all channels have the same average power 
leading to the same average SNR. All bursts within the same group are subjected to 

an identical channel response. In this case, L^g^g = ^-"G are all distinct, but the 

channel responses, =l,--';2^ , for each burst in the group are equal, is the 

number of bursts in the g'^ group. This potentially represents a multi-code scenario 
on the uplink, where each UE transmits two codes. The SIC-JD receiver 28 
groups the multi-codes associated with a single UE 14^ into the same group, thus 
forming 4 groups. Figures 10 and 11 represent the common channel case. All 

groups are assumed to pass through the same multi-path channel, i.e., \ ^ = 1- • • « ^ 

are all equal, but with different Yg^g , The are chosen such that, when 

arranged according to power, neighboring groups have a power separation of 2 dB. 
This potentially represents a multi-code scenario on the downlink where the base 
station 1 2 1 transmits 2 codes per UE 1 4 ^ . Figures 1 0 and 1 1 show a trend similar to 
that observed for the SIC-LSE shown in Figures 8 and 9. SIC-JD has a performance 
comparable (within a dB) to the JD in the region of 1% to 10% BER, which is the 
operating region of interest for the uncoded BER. Depending upon the channel, a 
power separation of 1 to 2 dB is sufficient to achieve a performance of SIC-LSE 
comparable to that of the full JD. As shown, performance improves as the power 
separation between bursts increases. 
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Figure 12 is similar to Figure 10, except that there are only two groups with 
4 bursts each. As shown in Figure 12, SIC-JD has a performance comparable 
(within a dB) to JD in the region of 1% to 10% BER. 

The complexity of SIC-JD is less than full JD. The reduced complexity stems 
from the replacement of a single-step JD which is a dimension N ^. xK • N ^. v/ith G 
JD stages of dimension iV, xn, AT,, i=h--G . Since, typically, JD involves a matrix 
inversion, whose complexity varies as the cube of the number of bursts, the overall 
complexity of the multi-stage JD can be significantly lower than that of the single- 
stage full JD. Furthermore, the complexity of the SIC part varies only linearly with 
the number of bursts, hence it does not offset this complexity advantage 
significantly. For instance, the complexity of the G-1 stages of interference 
cancellation can be derived as follows. Since successive colunon blocks of A^" are 

shifted versions of the first block and assuming that elements of d_g ^^^rd belong to 1 
of 4 QPSK constellation points, the 4 ■n^ possible vectors can be computed that are 
needed in computing the product A^pil\ard- This step requires 

D . G-l 

Aa-(SF +W -D- y n- million real operations per sec (MROPS). a = 4 is the 
10^ ' 

number of real operations per complex multiplication or multiply and accumulate 
(MAC). Rate is the number of times the SIC-JD is performed per second. With 
these 4-H, vectors akeady computed, the computation of jc*^'^'* requires 

— • iV , • ( 5F + W - 1) • ^ /I, MROPS . The factor of — comes from the fact that 
2 10 

only complex additions are involved. Hence, only 2 real operations are required for 
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each complex operation. It then follows that the complexity of G -1 stages of 
interference cancellation can be expressed by Equation 1 1 . 

Equation 11 

5 The complexity of converting soft to hard decisions is negligible. 

There are several well-known techniques to solve the matrix inversion of JD. 
To illustrate the complexity, an approach using a very efficient approximate 
Cholesky factor algorithm with negligible loss in performance as compared to the 
exact Cholesky factor algorithm was used. The same algorithm can be employed to 

10 solve group- wise JD. The complexity of the full JD and the SIC-JD for the 3GPP 

UTRA TDD system is shown in Table 1. Table 1 compares their complexity for 
various group sizes. It can be seen that as K increases or as the group size decreases 
the complexity advantage of the SIC-JD over the full JD increases. The complexity 
for group size 1, of the SIC-LSE, varies linearly with K and is 33% that of the full 

15 JD for a: = 1 6. Note that maximum number of bursts in the UTRA TDD system is 

16. The complexity advantage of the SIC-JD over full JD will be even more 
pronounced when the exact Cholesky decomposition is employed. Exact Cholesky 
decomposition's complexity exhibits a stronger dependence on leading to more 
savings as the dimension of the JD is reduced via SIC-JD. 



Total number 
of bursts 


Complexity of the SIC-JD expressed as a percentage of the 

complexity of the single-step JD of all K bursts 




K groups of 
size 1 each 
(SIC-LSE) 


K / 2 groups 
of size 2 each 


K / 4 groups 
of size 4 each 


K / 8 groups 
of size 8 each 


8 


63 % 


67 % 


76% 


100% 


16 


33 % 


36% 


41 % 


57% 



Table 1 
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As shown in Table 1, when the number and size of codes is made completely 
adaptive on an observation interval-by-observation interval basis, the SIC-JD 
provides savings, on average, over full JD. Since, on average, all bursts do not arrive 
at the receiver with equal power, depending upon the grouping threshold, the size of 
the groups will be less then the total number of arriving bursts. In addition, a 
reduction in peak complexity is also possible if the maximum allowed group size is 
hard-limited to be less than the maximum possible number of bursts. Such a scheme 
leads to some degradation in performance when the number of bursts arriving at the 
receiver with the roughly the same power exceeds the maximum allowed group size. 
Accordingly, SIC-JD provides a mechanism to trade-off performance with peak 

complexity or required peak processing power. 

* * * 
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CLAIMS 

What is claimed is: 

1 . A method for use in receiving a plurahty of data signals transmitted 
over a shared spectrum in a time slot in a time division duplex communication 
system using code division multiple access, the method comprising: 

receiving a combined signal over the shared spectrum in the time slot; 
grouping the plurality of data signals into a plurality of groups; 
match filtering the combined signal based on in part symbol responses 
associated with the data signals of one of the groups; 

jointly detecting data from each data signal in the one group; 

constructing an interference signal based on in part the one group detected 

data; 

subtracting the constructed interference signal from the combined signal; and 
determining data from a group other than the one group by processing the 
subtracted signal. 

2. The method of claim 1 wherein the jointly detecting is performed using 
least squares estimation. 

3 . The method of claim 1 wherein the jointly detecting is performed using 
minimum mean square error estimation. 

4. A method for use in receiving a plurality of data signals transmitted 
over a shared spectrum in a time slot in a time division duplex communication 
system using code division multiple access, the method comprising: 

(a) receiving a combined signal as an input signal over the shared 
spectrum in the time slot; 

(b) grouping the pluraUty of data signals into a plurality of groups, at least 
one of the groups having a plurality of data signals; 
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(c) match filtering the input signal based on in part symbol responses 
associated with each data signal of a first group of the groups; 

(d) jointly detecting data from each data signal in the first group; 

(e) constructing an interference signal based on in part the first group 
detected data; 

(f) subtracting the constructed interference signal from the input signal as 
an input signal for subsequent processing; 

(g) match filtering the subtracted signal based on in part symbol responses 
associated with the data signal of a subsequent group of the groups; 

(h) jointly detecting data from each data signal in the subsequent group; 

and 

(i) successively repeating steps (e) through (h) for remaining groups of the 
plurahty of groups where, for each remaining group, the subsequent group acts as 
the first group for that remaining group and that remaining group acts as the 
subsequent group. 

5 . A method for use in a receiver for receiving a plurality of data signals 
transmitted over a shared spectrum in a time slot in a time division duplex 
communication system using code division multiple access, the method comprising: 

receiving a combined signal over the shared spectrum in the time slot; 
estimating a received power level for each data signal; 
selectively grouping data signals of the plurality of data signals based on in 
part the received power level of the data signals into at least one group; and 

separately detecting data within each group for that group's data signals. 

6. The method of claim 5 wherein the estimating the received power level 
for each data signal is based on in part apriori knowledge at the receiver. 
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7. The method of claim 5 wherein the estimating the received power level 
for each data signal is based on in part a power level of a training sequence 
associated with each data signal. 

8 . The method of claim 5 wherein the estimating the received power level 
for each data signal is performed using a bank of matched filters, each matched filter 
matched to a code of a respective one of the data signals. 

9. The method of claim 5 wherein the selectively grouping data signals 
groups data signals within a certain threshold power level into a group. 

1 0. The method of claim 9 wherein the certain threshold power level is one 
decibel. 

11. The method of claim 9 wherein the certain threshold is adjusted to 
achieve a desired bit error rate at the receiver. 

12. The method of claim 5 further comprising forcing all of the data 
signals into a single group to override the step of selectively grouping. 

13 . The method of claim 5 further comprising forcibly grouping each data 
signal into its own group to override the step of selectively grouping. 

14. A method for use in a receiver for adjusting a trade-off between 
complexity and performance in detecting data from data signals transmitted over a 
shared spectrum in a time slot in a time division duplex communication system using 
code division multiple access, the method comprising: 
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5 grouping the data signals into at least one group; wherein to reduce the 

complexity, increasing a number of data signal groups, and to increase the 
performance, decreasing a number of data signal groups; and 
jointly detecting data in each group. 

15. The method of claim 14 further comprising: 

determining a received power of each data signal; wherein the grouping is 
performed so that all data signals within each group are within a certain threshold 
power level and to reduce complexity, the certain threshold is increased and to 
5 increase performance, the certain threshold is reduced. 

1 6 . The method of claim 1 4 wherein to reduce the complexity, each group 
contains one of the data signals. 

17. The method of claim 14 wherein to increase the performance, the at 
least one group is a single group. 

18. A receiver for use in a time division duplex communication system 
using code division multiple access, the system communicating using multiple 
communication bursts in a tune slot, the receiver comprising: 

an antenna for receiving radio frequency signals including the multiple 
5 communication bursts; 

a demodulator for demodulating radio frequency signals to produce a 
baseband signal; 

a channel estimation device for estimating a channel response for the bursts; 
a successive interference cancellation joint detection (SIC-JD) device 

10 comprising: 

a first joint detection block for detecting data within the baseband signal for 
a first group of bursts of the multiple bursts; 
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a first interference construction block for constructing an estimate of 
interference of the first group bursts; 

a subtractor for subtracting the first group interference from the baseband 
signal; and 

a second joint detection block for detecting data within the subtracted signal 
for a second group of bursts of the multiple bursts. 

19. The receiver of claim 1 8 wherein the SIC-JD device further comprises: 
a pluraUty of additional joint detection blocks for detecting data for additional 

groups of bursts of the multiple bursts. 

20. The receiver of claim 1 8 wherein the SIC-JD device further comprises : 
a first matched filter for processing the baseband signal to match symbol 

responses of the data signals in the first group; and 

a second matched filter for processing the subtracted signal to match symbol 
responses of the data signals in the second group. 

2 1 . The receiver of claim 1 8 wherein an output of the first and second joint 
detection blocks are soft symbols, the SIC-JD device further comprising a first and 
second soft to hard decision block for converting the first and second joint detection 
block outputs into hard symbols. 

22 . A device for use in a receiver of a time division duplex communication 
system using code division multiple access, the system communicating using 
multiple communication bursts in a time slot, the device comprising: 

an input configured to receive a baseband signal associated with received 
bursts within a time slot; 

a first joint detection block for detecting data within the baseband signal for 
a first group of bursts of the received bursts; 



-20- 



wo 01/69801 PCT/USOl/05576 

a first interference construction block for constructing an estimate of 
interference of the first group bursts; 

a subtractor for subtracting the first group interference from the baseband 
signal; and 

a second joint detection block for detecting data within the subtracted signal 
for a second group of bursts of the received bursts. 

23. The device of claim 22 further comprising additional joint detection 
blocks for detecting data for additional groups of bursts of the multiple bursts. 

24. The device of claim 22 further comprising: 

a first matched filter for processing the baseband signal to match symbol 
responses of the received bursts of the first group; and 

a second matched filter for processing the subtracted signal to match symbol 
responses of the received bursts of the second group. 

25 . The device of claim 22 wherein an output of the first and second joint 
detection blocks are soft symbols, the device further comprising a first and second 
soft to hard decision block converting the first and second joint detection block 
outputs into hard symbols. 
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SNR ( dB ) /Average BER vs. average SNR per burst Total of 8 bursts cfivided into 
8 groups with 1 burst per group. Multi-path profile is of the 3GPP WG4 
Case 2 type. All 8 bursts have the same average SNR but pass through 
uncorrelated channel. 
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5 10 
Average BER vs. average SNR per burslTotal of 8 bursts divided into 
8 groups with 1 burst per group. Multi-path profile is of Ihe 3GPP WG4 
Case 2 type. All 8 bursts pass through a common channel but their 
average SNR is separated by 2 dB. 
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5 10 

Average BER vs. average SNR per burst Total of 8 bursts divided into 
4 groups with 2 bursts per group. All bursts In the same group are subjected 
to the same channel. All 4 groups have the same average SNR but pass 
through uncorrelated channels with multi-path profile of type ITU Vehicular A. 
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Average BER vs. average SNR per burslTotal of 8 bursts divided into 
4 groups with 2 bursts per group. All bursts in the same group are subjected 
to the same channel. All 4 groups have the same average SNR but pass 
through uncorrelated channels with multi-path profile of type 3GPP WG4 Case 2. 
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FIG. 1 0 



Average BER vs. average SNR per burstTotal of 8 bursts divided into 4 groups 
with 2 bursts per group. All bursts in the same group are subjected to the same 
channel. All 4 groups pass through a common channel but their average SNR is 
seperated by 2 dB. Multi-path profile is of ^e ITU Vehicular A. 
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FIG. 1 1 



Average BER vs. average SNR per burstTotal of 8 bursts divided into 4 groups 
with 2 bursts per group. All bursts In the same group are subjected to the same 
channel. All 4 groups pass through a common channel but their average SNR Is 
seperated by 2 dB. Multi-path profile is of type 3GPP WG4 Case 2. 
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Average BER vs. average SNR per burst Total of 8 bursts divided into 2 groups 
with 4 bursts per group. All bursts In the same group are subjected to the same 
channel. All groups pass through a common channel but their average SNR is 
seperated by 2 dB. Multi-path profile Is of type ITU Vehicular A. 
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METHOD AND APPARATUS FOR MEASURING AND 
REPORTING CHANNEL STATE INFORMATION IN A HIGH 
EFFICIENCY, HIGH PERFORMANCE COMMUNICATIONS 

SYSTEM 

5 

BACKGROUND OF THE INVENTION 



I. Field of the Invention 

10 The present invention relates to the field of communications. More 

particularly, the present invention relates to the measurement and report of 
channel state information in a high efficiency, high performance 
communications system. 



15 II. Description of the Related Art 

A modern day wireless communications system is required to operate 
over channels that experience fading and multipath. One such 
communications system is a code division multiple access (CDMA) system 

20 that conforms to the "TIA/EIA/IS-95 Mobile Station-Base Station 
Compatibility Standard for Dual-Mode Wideband Spread Spectriun Cellular 
System," hereinafter referred to as the IS-95 standard. The CDMA system 
supports voice and data communication between users over a terrestrial 
link. The use of CDMA techniques in a multiple access communication 

25 system is disclosed in U.S. Patent No. 4,901,307, entitled "SPREAD 
SPECTRUM MULTIPLE ACCESS COMMUNICATION SYSTEM USING 
SATELLITE OR TERRESTRIAL REPEATERS," and U.S. Patent No. 5,103,459, 
entitled "SYSTEM AND METHOD FOR GENERATING WAVEFORMS IN 
A CDMA CELLULAR TELEPHONE SYSTEM," both assigned to the assignee 

30 of the present invention and incorporated herein by reference. 

An IS-95 system can operate efficiently by estimating channel 
parameters at a receiver unit, which uses these estimated channel 
parameters to demodulate a received signal. The IS-95 system makes 
channel estimation efficient by requiring the transmission of a pilot signal 
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from every base station. This pilot signal is a repeating PN-type sequence 
known by the receiver unit. Correlation of the received pilot signal with a 
local repUca of the pilot signal enables the receiver unit to estimate the 
complex impulse response of the charmel and adjust demodulator 
5 parameters accordingly. For the IS-95 waveform cuid system parameters it is 
not necessary or beneficial to report information on the channel conditions 
measured by the receiver unit back to the transmitter imit. 

Given the ever-growing demand for wireless communication, a 
higher efficiency, higher performance wireless communications system is 

10 desirable. One type of higher performance wireless communications system 
is a Multiple Input/Multiple Output (MIMO) system that employs multiple 
transmit antennas to transmit over a propagation channel to multiple 
receive antennas. As in lower performance systems, the propagation 
charmel in a MIMO system is subject to the deleterious effects of multipath, 

15 as well as interference from adjacent antennas. Multipath occurs when a 
transmitted signal arrives at a receiver imit through multiple propagation 
paths with differing delays. When signals arrive from multiple propagation 
paths, components of the signals can combine destructively, which is 
referred to as "fading." In order to improve the efficiency and decrease the 

20 complexity of the MIMO system, information as to the characteristics of the 
propagation charmel can be transmitted back to the transmitter unit in order 
to precondition the signal before transmission. 

Preconditioning the signal can be difficult when the characteristics of 
the propagation channel change rapidly. The channel response can change 

25 with time due to the movement of the receiver unit or changes in the 
environment surrounding the receiver unit. Given a mobile environment, 
an optimal performance requires that information regarding channel 
characteristics, such as fading and interference statistics, be determined and 
transmitted quickly to the transmitter unit before the chaimel characteristics 

30 change significantly. As delay of the measurement and reporting process 
increases, the utility of the channel response information decreases. A 
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present need exists for efficient techniques that will provide rapid 
determination of the channel characteristics. 

SUMMARY OF THE INVENTION 

5 

The present invention is directed to a method and apparatus for the 
measuring and reporting of channel state information in a high efficiency, 
high performance communications system, comprising the steps of: 
generating a plurality of pilot signals; transmitting the plurality of pilot 

10 signals over a propagation channel between a transmitter unit and a 
plurality of receiver units, wherein the transmitter imit comprises at least 
one transmit anterma, each of the plurality of receiver units comprises at 
least one receive antenna, and the propagation channel comprises a 
plurality of sub-channels between the transmitter unit and the plurality of 

15 receiver units; receiving at least one of the plurality of pilot signals at each 
of the plurality of receiver units; determining a set of transmission 
characteristics for at least one of the plurality of sub-channels, wherein the 
step of determining the set of transmission characteristics uses at least one of 
the plurality of pilot signals received at each of tiie plurality of receiver 

20 units; reporting an information signal from each of the plurality of receiver 
imits to the transmitter unit, wherein the information signal carries the set 
of transmission characteristics for at least one of the plurality of sub- 
channels; and optimizing a set of transimssion parameters at the transmitter 
unit, based on the information signal. 

25 In one aspect of the invention, pilot symbols are transmitted on a 

plurality of disjoint OFDM sub-channel sets. When the pilot symbols are 
transmitted on disjoint OFDM sub-channels, the characteristics of the 
propagation channel can be determined through a set of K sub-channels 
carrying the pilot symbols, wherein K is less than the number of OFDM siib- 

30 channels in the system. In addition to transmitting pilot symbols on 
disjoint sub-channels, the system can transmit a time-domain pilot 
sequence that can be used to determine characteristics of the propagation 
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channel. Along with the generation and transmission of pilot symbols, an 
aspect of the invention is the compression of the amount of information 
necessary to reconstruct the characteristics of the propagation channel. 

5 BRIEF DESCRIPTION OF THE DRAWINGS 

The features, nature, and advantages of the present invention will 
become more apparent from the detailed description set forth below when 
taken in conjunction with the drawings in which like reference characters 
10 identify correspondingly throughout and wherein: 

FIG. lA is a diagram of a multiple-input multiple-output (MIMO) 
communications system; 

FIG. IB is a diagram of a OFDM-based MIMO system with feedback of 
channel state information; 
15 FIG. IC is a diagram of an exemplary OFDM pilot signal structxire that 

can be used to estimate the channel state information; 

FIG. 2 is a diagram that graphically illustrates a specific example of a 
transmission from a transmit antenna at a transmitter imit; 

FIG. 3 is a block diagram of a data processor and a modulator of the 
20 communications system shown in FIG. lA; 

FIGS. 4A and 4B are block diagrams of two versions of a channel data 
processor that can be used for processing one channel data steam such as 
control, broadcast, voice, or traffic data; 

FIGS. 5 A through 5C are block diagrams of the processing units that 
25 can be used to generate the transmit signal shown in FIG. 2; 

FIG. 6 is a block diagram of a receiver iinit, having multiple receive 
antennas, which can be used to receive one or more channel data streams; 
and 

FIG. 7 shows plots that illustrate the spectral efficiency achievable 
30 with some of the operating modes of a communications system in 
accordance with one embodiment. 
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DETAILED DESCRIPTION OF THE SPECIFIC EMBODIMENTS 

FIG. lA is a diagram of a Multiple Input/Multiple Output (MIMO) 
communications system 100 capable of implementing some embodiments 
5 of the invention. Communications system 100 can be operative to provide a 
combination of antenna, frequency, and temporal diversity to increase 
spectral efficiency, improve performance, and enhance flexibility. Increased 
spectral efficiency is characterized by the ability to transmit more bits per 
second per Hertz (bps/Hz) when and where possible to better utilize the 

10 available system bandwidth. Techniques to obtain higher spectral efficiency 
are described in further detail below. Improved performance may be 
quantified, for example, by a lower bit-error-rate (BER) or frame-error-rate 
(FER) for a given link carrier-to-noise-plus-interference ratio (C/I). And 
enhanced flexibility is characterized by the ability to accormnodate multiple 

15 users having different and t57pically disparate requirements. These goals 
may be achieved, in part, by employing multi-carrier modulation, time 
division multiplexing (TDM), multiple transmit and/ or receive antennas, 
and other techniques. The features, aspects, and advantages of the 
invention are described in fiurther detail below. 

20 As shown in FIG. lA, communications system 100 includes a first 

system 110 in communication with a second system 120. System 110 
includes a (transmit) data processor 112 that (1) receives or generates data, (2) 
processes the data to provide anteima, frequency, or temporal diversity, or a 
combination thereof, and (3) provides processed modulation symbols to a 

25 number of modulators (MOD) 114a through 114t. Each modulator 114 
further processes the modulation symbols and generates an RF modulated 
signal suitable for transmission. The RF modulated signals from 
modulators 114a through 114t are then transmitted from respective 
antennas 116a through 116t over commiinications links 118 to system 120. 

30 In FIG. lA, system 120 includes a number of receive antennas 122a 

through 122r that receive the transmitted signals and provide the received 
signals to respective demodulators (DEMOD) 124a through 124r. As shown 
in FIG. lA, each receive antenna 122 may receive signals from one or more 



wo 01/76110 



PCT/USOl/09114 



6 

transmit antennas 116 depending on a number o£ factors such as, for 
example, the operating mode used at system 110, the directivity of the 
transmit and receive antennas, the characteristics of the communications 
links, and others. Each demodulator 124 demodulates the respective 
5 received signal using a demodulation scheme that is complementary to the 
modulation scheme used at the transmitter. The demodtdated symbols 
from demodulators 124a through 124r are then provided to a (receive) data 
processor 126 that further processes the symbols to provide the output data. 
The data processing at the transmitter and receiver units is described in 

10 further detail below. 

FIG. lA shows only the forward link transmission from system 110 to 
system 120. This configuration may be used for data broadcast and other 
one-way data transmission applications. In a bi-directional communications 
system, a reverse link from system 120 to system 110 is also provided, 

15 although not shown in FIG. lA for simplicity. For the bi-directional 
comm.unications system, each of systems 110 and 120 may operate as a 
transmitter unit or a receiver unit, or both concurrently, depending on 
whether data is being transmitted from, or received at, the unit. 

For simplicity, communications system 100 is shown to include one 

20 transmitter imit (i.e., system 110) and one receiver unit (i.e., system 120). 
However, in general, multiple transmit antennas and multiple receive 
antennas are present on each transmitter unit and each receiver unit. The 
communications system of the invention may include any number of 
transmitter units and receiver units. 

25 Each transmitter imit may include a single transmit antenna or a 

number of transmit antermas, such as that shown in FIG. lA. Similarly, 
each receiver xmit may include a single receive anterma or a number of 
receive antexmas, again such as that shown in FIG. lA. For example, the 
communications system may include a central system (i.e., similar to a base 

30 station in the IS-95 CDMA system) having a number of antennas that 
transmit data to, and receive data from, a number of remote systems (i.e., 
subscriber imits, similar to remote stations in the CDMA system), some of 
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which may include one antenna and others of which may include multiple 
antennas. 

As used herein, an antenna refers to a collection of one or more 
antenna elements that are distributed in space. The antenna elements may 
5 be physically located at a single site or distributed over multiple sites. 
Antenna elements physically co-located at a single site may be operated as an 
anterma array (e.g., such as for a CDMA base station). An antenna network 
consists of a collection of antenna arrays or elements that are physically 
separated (e.g., several CDMA base stations). An antenna array or an 

10 antenna network may be designed with the ability to form beams and to 
transmit multiple beams from the antenna array or network. For example, 
a CDMA base station may be designed with the capabiUty to transmit up to 
three beams to three different sections of a coverage area (or sectors) from 
the same anterma array. Thus, the three beams may be viewed as three 

15 transmissions from three antennas. 

The communications system of the invention can be designed to 
provide a multi-user, multiple access commtmications scheme capable of 
supporting subscriber units having different requirements as well as 
capabilities. The scheme allows the system's total operating bandwidth, W, 

20 (e.g., 1.2288 MHz) to be efficiently shared among different types of services 
that may have highly disparate data rate, delay, and quality of service (QOS) 
requirements. 

Examples of such disparate types of services include voice services 
and data services. Voice services are typically characterized by a low data 

25 rate (e.g., 8 kbps to 32 kbps), short processing delay (e.g., 3 msec to 100 msec 
overall one-way delay), and sustained use of a conrmiunications channel for 
an extended period of time. The short delay requirements imposed by voice 
services typically require a small fraction of the system resources to be 
dedicated to each voice call for the duration of the call. In contrast, data 

30 services are characterized by "bursty" traffics in which variable amoimts of 
data are sent at sporadic times. The amount of data can vary significantly 
from burst-to-burst and from user-to-user. For high efficiency, the 
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communications system of the invention can be designed with the 
capability to allocate a portion of the available resources to voice services as 
required and the remaining resources to data services. A fraction .of the 
available system resources may also be dedicated for certain data services or 
5 certain tjrpes of data services. 

The distribution of data rates achievable by each subscriber imit can 
vary widely between some minimum and maximum instantaneous values 
(e.g., from 200 kbps to over 20 Mbps). The achievable data rate for a 
particular subscriber unit at any given moment may be influenced by a 

10 number of factors such as the amoimt of available transmit power, the 
quality of the communications link (i.e., the C/I), the coding scheme, and 
others. The data rate requirement of each subscriber unit may also vary 
widely between a minimum value (e.g., 8 kbps, for a voice call) all the way 
up to the maximum supported instantaneous peak rate (e.g., 20 Mbps for 

15 bursty data services). 

The percentage of voice and data traffic is typically a random variable 
that changes over time. In accordance with certain aspects of the invention, 
to efficiently support both types of services concurrently, the 
commimications system of the invention is designed with the capability to 

20 dynamic allocate the available resources based on the amount of voice and 
data traffic. A scheme to dynamically allocate resources is described below. 
Another scheme to allocate resources is described in the aforementioned 
U.S. Patent Application Serial No. 08/963,386. 

The communications system of the invention provides the above- 

25 described features and advantages, and is capable of supporting different 
types of services having disparate requirements. The featiures are achieved 
by employing antenna, frequency, or temporal diversity, or a combination 
thereof. Antenna, frequency, or temporal diversity can be independently 
achieved and djmamically selected. 

30 As used herein, antexma diversity refers to the transmission and /or 

reception of data over more than one antenna, frequency diversity refers to 
the transmission of data over more than one sub-band, and temporal 
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diversity refers to the transmission of data over more than one time period. 
Antenna, frequency, and temporal diversity may include subcategories. For 
example, transmit diversity refers to the use of more than one transmit 
antenna in a manner to improve the reliability of the commimications link, 
5 receive diversity refers to the use of more than one receive antenna in a 
maimer to improve the reliability of the communications link, and spatial 
diversity refers to the use of multiple transmit and receive antennas to 
improve the reliability and/ or increase the capacity of the communications 
link. Transmit and receive diversity can also be used in combination to 
10 improve the reliability of the communications link without increasing the 
link capacity. Various combinations of antenna, frequency, and temporal 
diversity can thus be achieved and are within the scope of the present 
invention. 

Frequency diversity can be provided by use of a multi-carrier 
15 modulation scheme such as orthogonal frequency division multiplexing 
(OFDM), which allows for transmission of data over various sub-bands of 
the operating bandwidth. Temporal diversity is achieved by transmitting 
the data over different times, which can be more easily accomplished with 
the use of time-division multiplexing (TDM). These various aspects of the 
20 communications system of the invention are described in further detail 
below. 

In accordance with an aspect of the invention, antenna diversity is 
achieved by employing a number of (N^) transmit antennas at the 
transmitter unit or a number of (Nj^) receive antennas at the receiver unit, 

25 or multiple antennas at both the transmitter and receiver units. In a 
terrestrial communications system (e.g., a cellular system, a broadcast 
system, an MMDS system, and others), an RF modulated signal from a 
transmitter unit may reach the receiver unit via a number of transmission 
paths. The characteristics of the transmission paths t3rpically vary over time 

30 based on a number of factors. If more than one transmit or receive antenna 
is used, and if the transmission paths between the transmit and receive 
antennas are independent (i.e., uncorrelated), which is generally true to at 
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least an extent, then the likelihood of correctly receiving the transmitted 
signal increases as the number of antennas increases. Generally^, as the 
number of transmit and receive antennas increases, diversity increases and 
performance improves. 
5 Antenna, diversity is dynamically provided based on the 

characteristics of the communications link to provide the required 
performance. For example, a higher degree of antenna diversity can be 
provided for some types of communication (e.g., signaling), for some types 
of services (e.g., voice), for some communications link characteristics (e.g., 

10 low C/I), or for some other conditions or considerations. 

As used herein, antenna diversity includes transmit diversity and 
receive diversity. For transmit diversity, data is transinitted over multiple 
transmit antennas. Typically, additional processing is performed on the data 
transmitted from the transmit antennas to achieve the desired diversity. 

15 For example, tiie data transmitted from different transmit antennas may be 
delayed or reordered in time, or coded and interleaved across the available 
transmit antennas. Also, frequency and temporal diversity may be used in 
conjunction with the different transmit antennas. For receive diversity, 
modulated signals are received on multiple receive antennas, and diversity 

20 is achieved by simply receiving the signals via different transmission paths. 

In accordance with another aspect of the invention, frequency 
diversity can be achieved by employing a multi-carrier modulation scheme. 
One such scheme that has numerous advantages is OFDM. With OFDM 
modulation, the overall transmission channel is essentially divided into a 

25 number of (L) parallel sub-channels that are used to transmit the same or 
different data. The overall transmission channel occupies the total 
operating bandwidth of W, and each of the sub-channels occupies a sub- 
band having a bandwidth of W/L and centered at a different center 
frequency. Each sub-channel has a bandwidth that is a portion of the total 

30 operating bandwidth. Each of the sub-channels may also be considered an 
independent data transmission channel that may be associated with a 
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particular (and possibly unique) processing, coding, and modulation 
scheme, as described below. 

The data may be partitioned and transmitted over any defined set of 
two or more sub-bands to provide frequency diversity. For example, the 
5 transmission to a particular subscriber imit may occur over sub-chaimel 1 at 
time slot 1, sub-channel 5 at time slot 2, sub-channel 2 at time slot 3, and so 
on- As another example, data for a particular subscriber tinit may be 
transmitted over sub-channels 1 and 2 at time slot 1 (e.g., with the same data 
being transmitted on both sub-channels), sub-channels 4 and 6 at time slot 2, 
10 only sub-charmel 2 at time slot 3, and so on. Transmission of data over 
different sub-channels over time can improve the performance of a 
communications system experiencing frequency selective fading and 
channel distortion. Other benefits of OFDM modulation are described 
below. 

15 In accordance with yet another aspect of the invention, temporal 

diversity is achieved by transmitting data at different times, which can be 
more easily accomplished using time division multiplexing (TDM). For 
data services (and possibly for voice services), data transmission occurs over 
time slots that may be selected to provide immunity to time dependent 

20 degradation in the communications link. Temporal diversity may also be 
achieved through the use of interleaving. 

For example, the transmission to a particular subscriber unit may 
occur over time slots 1 through x, or on a subset of the possible time slots 
from 1 through x (e.g., time slots 1, 5, 8, and so on). The amount of data 

25 transmitted at each time slot may be variable or fixed. Transmission over 
multiple time slots improves the likelihood of correct data reception due to, 
for example, impulse noise and interference. 

The combination of anteima, frequency, and temporal diversity 
allows the communications system of the invention to provide robust 

30 performance. Antenna, frequency, and/or temporal diversity improves the 
likelihood of correct reception of at least some of the transmitted data, 
which may then be used (e.g., through decoding) to correct for some errors 
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that may have occurred in the other transmissions. The combination of 
antenna, frequency, and temporal diversity also allows the communications 
system to concurrently accommodate different types of services having 
disparate data rate, processing delay, and quality of service requirements. 
5 The commmiications system of the invention can be designed and 

operated in a number of different communications modes, with each 
communications mode employing antenna, frequency, or temporal 
diversity, or a combination thereof. The communications modes include, 
for example, a diversity communications mode and a MIMO 

10 communications mode. Various combinations of the diversity and MIMO 
communications modes can also be supported by the communications 
system. Also, other communications modes can be implemented and are 
within the scope of the present invention. 

The diversity communications mode employs transmit and /or 

15 receive diversity, frequency, or temporal diversity, or a combination thereof, 
and is generally used to improve the reliability of the communications link. 
In one implementation of the diversity communications mode, the 
transmitter unit selects a modulation and coding scheme (i.e., 
configuration) from a finite set of possible configurations, which are known 

20 to the receiver tmits. For example, each overhead and common channel 
may be associated with a particular configuration that is known to all 
receiver units. When using the diversity communications mode for a 
specific user (e.g., for a voice call or a data transmission), the mode and/or 
configuration may be known a priori (e.g., from a previous set up) or 

25 negotiated (e.g., via a common channel) by the receiver unit. 

In the diversity communications mode, data is transmitted on one or 
more sub-channels, from one or more antennas, and at one or more time 
periods. The allocated sub-channels may be associated with the same 
antenna, or may be sub-channels associated with different antennas. In a 

30 common application of the diversity communications mode, which is also 
referred to as a "pure" diversity commtmications mode, data is transmitted 
from all available transmit antennas to the destination receiver unit. The 
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pure diversity communications mode can be used in instances where the 
data rate requirements are low or when the C/I is low, or when both are 
true. 

The MIMO commimications mode employs antexma diversity at both 
5 ends of the commimication link and is generally used to improve both the 
reliability and increase the capacity of the communications link. The MIMO 
communications mode may fiurther employ frequency and/or temporal 
diversity in combination with the antenna diversity. The MIMO 
communications mode, which may also be referred to herein as the spatial 
10 communications mode, employs one or more processing modes to be 
described below. 

The diversity communications mode generally has lower spectral 
efficiency than the MIMO communications mode, especially at high C/I 
levels. However, at low to moderate C/I values, the diversity 

15 commimications mode achieves comparable efficiency and can be simpler to 
implement. In. general, the use of the MIMO communications mode 
provides greater spectral efficiency when used, particularly at moderate to 
high C/I values. The MIMO coirmiunications mode may thus be 
advantageously used when the data rate requirements are moderate to high. 

20 The communications system can be designed to concurrently support 

both diversity and MIMO communications modes. The communications 
modes can be applied in various manners and, for increased flexibility, may 
be applied independently on a sub-channel basis. The MIMO 
communications mode is typically applied to specific users. However, each 

25 commimications mode may be applied on each sub-channel independently, 
across a subset of sub-charmels, across all sub-channels, or on some other 
basis. For example, the use of the MIMO communications mode may be 
applied to a specific user (e.g., a data user) and, concurrently, the use of the 
diversity communications mode may be applied to another specific user 

30 (e.g., a voice user) on a different sub-chaimel. The diversity 
communications mode may also be applied, for example, on sub-channels 
experiencing higher path loss. 
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The communications system of the invention can also be designed to 
support a number of processing modes. When the transmitter unit is 
provided with information indicative of the conditions (i.e., the "state") of 
the communications links, additional processing can be performed at the 
5 transmitter unit to further improve performance and increase efficiency. 
Full channel state information (CSI) or partial CSI may be available to the 
transmitter unit. Full CSI includes sufficient characterization of the 
propagation path (i.e., amplitude and phase) between all pairs of transmit 
and receive antennas for each sub-band. Full CSI also includes the C/I per 

10 sub-band. The full CSI may be embodied in a set of matrices of complex gain 
values that are descriptive of the conditions of the transmission paths from 
the tremsmit antennas to the receive antennas, as described below. Partial 
CSI may include, for example, the C/I of the sub-band . With full CSI or 
partial CSI, the transmitter unit pre-conditions the data prior to 

15 transmission to receiver unit. 

The transmitter unit can precondition the signals presented to the 
transmit antennas in a way that is unique to a specific receiver unit (e.g., the 
pre-conditioning is performed for each sub-band assigned to that receiver 
xmit). As long as the channel does not change appreciably from the time it is 

20 measured by the receiver imit and subsequently sent back to the transmitter 

and used to precondition the transmission, liie intended receiver xmit can 

demodulate the transmission. In this implementation, a full-CSI based 

MIMO comjTumication can only be demodulated by the receiver unit 

associated with the CSI used to precondition the transmitted signals. 
25 In the partial-CSI or no-CSI processing modes, the transmitter unit 

can employ a common modulation and coding scheme (e.g., on each data 

channel transmission), which then can be (in theory) demodulated by all 

receiver imits. In the partial-CSI processing mode, a single receiver unit can 

specify the C/I, and the modulation employed on all antennas can be 

30 selected accordingly (e.g., for reliable transmission) for that receiver unit. 
Other receiver units can attempt to demodulate the transmission and, if 
they have adequate C/I, may be able to successfully recover the 
transmission. A common (e.g., broadcast) channel can use a no-CSI 
processing mode to reach all users. 

35 As an example, assume that the MIMO communications mode is 

applied to a channel data stream that is transmitted on one particular sub- 
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channel from four transmit antennas. The channel data stream is 
demultiplexed into four data sub-streams, one data sub-stream for each 
transmit antenna. Each data sub-stream is then modtdated using a 
particular modulation scheme (e.g., M-PSK, M-QAM, or other) selected 
5 based on the CSI for that sub-band and for that transmit antenna. Four 
modulation sub-streams are thus generated for the four data sub-streams, 
with each modulation sub-streams including a stream of modulation 
s)nmbols. The four modulation sub-streams are then pre-conditioned using 
the eigenvector matrix, as expressed below in equation (1), to generate pre- 

10 conditioned modulation symbols. The four streams of pre-conditioned 
modulation symbols are respectively provided to the four combiners of the 
four transmit antennas. Each combiner combines the received pre- 
conditioned modulation S5mn.bols with the modulation symbols for the 
other sub-channels to generate a modulation symbol vector stream for the 

15 associated transmit anterma. 

The full-CSI based processing is typically employed in the MIMO 
commimications mode where parallel data streams are transmitted to a 
specific user on each of the channel eigenmodes for the each of the allocated 
sub-channels. Similar processing based on full CSI can be performed where 

20 transmission on only a subset of the available eigenmodes is accommodated 
in each of the allocated sub-chaimels(e.g., to implement beam steering). 
Because of the cost associated with the full-CSI processing (e.g., increased 
complexity at the transmitter and receiver units, increased overhead for the 
transmission of the CSI from the receiver unit to the transmitter unit, and 

25 so on), full-CSI processing can be applied in certain instances in the MIMO 
communications mode where the additional increase in performance and 
efficiency is justified. 

In instances where full CSI is not available, less descriptive 
information on the transmission path (or partial CSI) may be available and 

30 can be used to pre-condition the data prior to transmission. For example, 
the C/I of each of the sub-chaxmels may be available. The C/I information 
can then be used to control the transmission from various transmit 
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antennas to provide the required performance in the sub-channels of 
interest and increase system capacity. 

As used herein, full-CSI based processing modes denote processing 
modes that use full CSI, and partial-CSI based processing modes denote 
5 processing modes that use partial CSI. The full-CSI based processing modes 
include, for example, the full-CSI MIMO mode that utilizes full-CSI based 
processing in the MEMO commimications mode. The partial-CSI based 
modes include, for example, the partial-CSI MEMO mode that utilizes 
parti£il-CSI based processing in the MIMO communications mode. 

10 In instances where full-CSI or partial-CSI processing is employed to 

allow the transmitter unit to pre-condition the data using the available 
channel state information (e.g., the eigenmodes or C/I), feedback 
information from the receiver unit is required, which uses a portion of the 
reverse link capacity. Therefore, there is a cost associated with the full-CSI 

15 and the partial-CSI based processing modes. The cost should be factored into 
the choice of which processing mode to employ. The partial-CSI based 
processing mode requires less overhead and may be more efficient in some 
instances. The no-CSI based processing mode requires no overhead and 
may also be more efficient than the ftill-CSI based processing mode or the 

20 partial-CSI based processing mode under some other circumstances. 

FIG. 2 is a diagram that graphically illustrates at least some of the 
aspects of the communications system of the invention. FIG. 2 shows a 
specific example of a transmission from one of transmit antennas at a 
transmitter imit. In FIG. 2, the horizontal axis is time and the vertical axis is 

25 frequency. In this example, the transmission channel includes 16 sub- 
channels and is used to transmit a sequence of OFDM symbols, with each 
OFDM symbol covering all 16 sub-channels (one OFDM symbol is indicated 
at the top of FIG. 2 and includes all 16 sub-bands). A TDM structxore is also 
illustrated in which the data transmission is partitioned into time slots, 

30 with each time slot having the duration of, for example, the length of one 
modulation symbol (i.e., each modulation S3nmbol is used as the TDM 
interval). 
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The available sub-channels can be used to transmit signaling, voice, 
traffic data, and others. In the example shown in FIG. 2, the modulation 
symbol at time slot 1 corresponds to pilot data, which is periodically 
transmitted to assist the receiver imits to synchronize and perform channel 
5 estimation. Other techniques for distributing pilot data over time and 
frequency can also be used and are within the scope of the present 
invention. In addition, it may be advantageous to utilize a particular 
modulation scheme during the pilot interval if all sub-channels are 
employed (e.g., a PN code with a chip duration of approximately 1/W). 

10 Transmission of the pilot modulation symbol typically occurs at a particular 
frame rate, which is usually selected to be fast enough to permit accurate 
tracking of variations in the communications link. 

The time slots not used for pilot transmissions can then be used to 
transmit various types of data. For example, sub-charmels 1 and 2 miay be 

15 reserved for the transmission of control and broadcast data to the receiver 
units. The data on these sub-channels is generally intended to be received 
by all receiver units. However, some of the messages on the control 
channel may be user specific, and can be encoded accordingly. 

Voice data and traffic data can be transmitted in the remaining sub- 

20 channels. For the example shown in FIG. 2, sub-channel 3 at time slots 2 
through 9 is used for voice call 1, sub-channel 4 at time slots 2 through 9 is 
used for voice call 2, sub-channel 5 at time slots 5 through 9 is used for voice 
call 3, and sub-channel 6 at time slots 7 through 9 is used for voice call 5. 

The remaining available sub-channels and time slots may be used for 

25 transmissions of traffic data. In the example shown in FIG. 2, data 1 
transmission uses sub-channels 5 through 16 at time slot 2 and sub-charmels 
7 through 16 at time slot 7, data 2 transmission uses sub-channels 5 through 
16 at time slots 3 and 4 and sub-channels 6 through 16 at time slots 5, data 3 
transmission uses sub-channels 6 through 16 at time slot 6, data 4 

30 transmission uses sub-channels 7 through 16 at time slot 8, data 5 
transmission uses sub-channels 7 through 11 at time slot 9, and data 6 
transmission uses sub-channels 12 through 16 at time slot 9. Data 1 through 
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6 transmissions can represent transmissions of traffic data to one or more 
receiver tmits. 

The commtinications system of the invention flexibly supports the 
transmissions of traffic data. As shown in FIG. 2, a particular data 
5 transmission (e.g., data 2) may occur over multiple sub-channels and/or 
multiple time slots, and multiple data transmissions (e.g., data 5 and 6) may 
occur at one time slot. A data transmission (e.g., data 1) may also occur over 
non-contiguous time slots. The system can also be designed to support 
multiple data transmissions on one sub-channel. For example, voice data 
10 may be multiplexed with traffic data and transmitted on a single sub- 
channel. 

The multiplexing of the data transmissions can potentially change 
from OFDM symbol to symbol. Moreover, the communications mode may 
be different from user to user (e.g., from one voice or data transmission to 

15 other). For example, the voice users may use the diversity communications 
mode, and the data users may xise the MIMO coirununications modes. This 
concept can be extended to the sub-channel level. For example, a data user 
may use the MIMO communications mode in sub-channels that have 
sufficient C/I and the diversity communications mode in remaining sub- 

20 channels - 

Antenna, frequency, and temporal diversity may be respectively 
achieved by transmitting data from multiple antennas, on multiple sub- 
channels in different sub-bands, and over multiple time slots. For example, 
antenna diversity for a particular transmission (e.g., voice call 1) may be 

25 achieved by transmitting the (voice) data on a particular sub-channel (e.g., 
sub-channel 1) over two or more antennas. Frequency diversity for a 
particular transmission (e.g., voice call 1) may be achieved by transmitting 
the data on two or more sub-channels in different sub-bands (e.g., sub- 
channels 1 and 2). A combination of antenna and frequency diversity may 

30 be obtained by transmitting data from two or more antennas and on two or 
more sub-channels. Temporal diversity may be achieved by transmitting 
data over multiple time slots. For example, as shown in FIG. 2, data 1 
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transmission at time slot 7 is a portion (e.g., new or repeated) of the data 1 
transmission at time slot 2. 

The same or different data may be transmitted from multiple 
antennas and/ or on multiple sub-bands to obtain the desired diversity. For 
5 example, the data may be transmitted on: (1) one sub-chaimel from one 
antenna, (2) one sub-channel (e.g., sub-channel 1) from multiple antennas, 
(3) one sub-channel from all antennas, (4) a set of sub-channels (e.g., sub- 
channels 1 and 2) from one antenna, (5), a set of sub-channels from multiple 
antennas, (6) a set of sub-channels from all antennas, or (7) a set of 

10 channels from a set of antennas (e.g., sub-channel 1 from antennas 1 and 2 at 
one time slot, sub-channels 1 and 2 from antenna 2 at another time slot, and 
so on). Thus, any combination of sub-channels and antennas may be used 
to provide antenna and frequency diversity. 

In accordance with certain embodiments of the invention that 

15 provide the most flexibility and are capable of achieving high performance 
and efficiency, each sub-channel at each time slot for each transmit antenna 
may be viewed as an independent unit of transmission (i.e., a modulation 
symbol) that can be used to transmit any type of data such as pilot, signaling, 
broadcast, voice, traffic data, and others, or a combination thereof (e.g., 

20 multiplexed voice and traffic data). In such design, a voice call may be 
dynamically assigned different sub-channels over time. 

Flexibility, performance, and efficiency are further achieved by 
allowing for independence among the modulation symbols, as described 
below. For example, each modulation symbol may be generated from a 

25 modulation scheme (e.g., M-PSK, M-QAM, and others) that results in the 
best use of the resource at that particular time, frequency, and space. 

A number of constraints may be placed to simplify the design and 
implementation of the transmitter and receiver units. For example, a voice 
call may be assigned to a particular sub-channel for the duration of the call, 

30 or imtil such time as a sub-channel reassignment is performed. Also, 
signaling and/or broadcast data may be designated to some fixed sub- 
channels (e.g., sub-channel 1 for control data and sub-channel 2 for broadcast 
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data, as shown in FIG. 2) so that the receiver units know a priori which sub- 
channels to demodulate to receive the data. 

Also, each data transmission channel or sub-chaimel may be 
restricted to a particular modulation scheme (e.g., M-PSK, M-QAM) for the 
5 dioration o£ the transmission or imtil such time as a new modulation 
scheme is assigned. For example, in FIG. 2, voice call 1 on sub-chaimel 3 
may use QPSK, voice call 2 on sub-channel 4 may use 16-QAM, data 1 
transmission at time slot 2 may use 8-PSK, data 2 transmission at time slots 
3 through 5 may use 16-QAM, and so on. 

10 The use of TDM allows for greater flexibility in the transmission of 

voice data and traffic data, and various assignments of resources can be 
contemplated. For example, a user can be assigned one sub-channel for each 
time slot or, equivalently, four sub-charmels every fourth time slot, or some 
other allocations. TDM allows for data to be aggregated and transmitted at 

15 designated time slot(s) for improved efficiency. 

If voice activity is implemented at the transmitter, then in the 
intervals where no voice is being transmitted, the transmitter may assign 
other users to the sub-channel so that the sub-channel efficiency is 
maximized. In the event that no data is available to transmit during the 

20 idle voice periods, the transmitter can decrease (or turn-off) the power 
transmitted in the sub-channel, reducing the interference levels presented 
to other users in the system that are using the same sub-channel in another 
cell in the network. The same feature can be also extended to the overhead, 
control, data, and other channels. 

25 Allocation of a small portion of the available resources over a 

continuous time period typically results in lower delays, and may be better 
suited for delay sensitive services such as voice. Transmission using TDM 
can provide higher efficiency, at the cost of possible additional delays. The 
communications system of the invention can allocate resources to satisfy 

30 user requirements and achieve high efficiency and performance. 

Measuring and Reporting Channel State Information In A MIMO System 
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Given the complexity of a system using multiple transmit antennas 
and multiple receive antennas, with the associated dispersive channel 
effects, the preferred modulation technique is OFDM, which effectively 
decomposes the channel into a set of non-interfering narrowband channels, 
5 or sub-channels. With proper OFDM signal design, a signal transmitted on 
one subchannel sees "flat fading", i.e., the channel response is effectively 
constant over the subchannel bandwidth. The channel state information or 
CSI includes sufficient characterization of the propagation path (i.e., 
amplitude and phase) between all pairs of transmit and receive antennas for 

10 each sub-channel. CSI also includes the information of the relative levels of 
interference and noise in each sub-channel, that is known as C/I 
information. The CSI may be embodied in a set of matrices of complex gain 
values that are descriptive of the conditions of the transmission paths from 
the transmit antennas to the receive antermas, as described below. With 

15 CSI, the transmitter unit pre-conditioris the data prior to transmission to 
receiver unit. 

CSI processing is briefly described below. When the CSI is available at 
the transmitter unit, a simple approach is to decompose the multi- 
input/mtilti-output channel into a set of independent channels. Given the 

20 channel transfer function at the transmitters, the left eigenvectors may be 
used to transmit different data streams. The modulation alphabet used 
with each eigenvector is determined by the available C/I of that mode, given 
by the eigenvalues. If H is the Nj^ x matrix that gives the channel 
response for the Nj transmitter antenna elements and receiver antenna 

25 elements at a specific time, and x is the N^-vector of inputs to the channel, 
then the received signal can be expressed as: 

y=Hx + n 

where n is an N^-vector representing noise plus interference. The 
eigenvector decomposition of the Hermitian matrix formed by the product 
30 of the channel matrix with its conjugate-transpose can be expressed as: 
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where the symbol * denotes conjugate-transpose, E is the eigenvector 
matrix, and E is a diagonal matrix of eigenvalues, both of dimension 
NTxNj..The transmitter converts a set of modulation symbols b using the 
5 eigenvector matrix E. The transmitted modulation symbols from the N^. 
transmit antermas can thus be expressed as: 

For all antennas^ the pre-conditioning can thus be achieved by a matrix 
multiply operation expressed as: 

10 
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15 where \, bj, ... and b^r are respectively the modulation symbols for a 
particular sub-channel at transmit antermas 1,2, ... Nj, where 
each modulation symbol can be generated using, for example, 
M-PSK, M-QAM, and so on, as described below; 
E = is the eigenvector matrix related to the transmission loss from 
20 transmit antermas to the receive antermas; and 

Xi, X2, Xnt are the pre-conditioned modulation symbols, which can be 
expressed as: 

25 
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Since H*H is Hermitian, the eigenvector matrix is unitary. Thus, if the 
elements of fehave equal power, the elements of x also have equal power. 
5 The received signal may then be expressed as: 

The receiver performs a channel-matched-filter operation, followed 
by multiplication by the right eigenvectors. The result of the channel- 
matched-filter operation is the vector z, which can be expressed as: 

10 z = E*H*BEhj^ E*H\== E b + ^ ^ Eq,(2) 

where the new noise term has covariance that can be expressed as: 

i.e., the noise components are independent with variance given by the 

eigenvalues. The C/I of the i-th component of z is , the i-th diagonal 
J" 

15 element of ^ . 

The transmitter unit can thus select a modulation alphabet (i.e., 
signal constellation) for each of the eigenvectors based on the C/I that is 
given by the eigenvalue. Provided that the channel conditions do not 
change appreciably in the interval between the time the CSI is measured at 

20 the receiver and reported and used to precondition the transmission at the 
transmitter, the performance of the communications system will be 
equivalent to that of a set of independent AWGN channels with known 
C/I's. 

Such a system is illustrated in HG. IB. At step 141, ihe transmitter 
25 unit 140 converts data into multiple data sub-channels. Different QAM 
constellations are employed, depending upon the SNR of the mode and sub- 
channel. The data for each sub-channel is preconditioned by the eigenmode 
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matrix for that sub-channeL At step 142, the preconditioned data for a 
particular antenna undergoes an inverse-Fast Fourier Transform (IFFT) 
operation to produce a time-domain signal* At step 143, a cyclic extension or 
a cydic prefix is appended to the time-domain signal in order to maintain 
5 orthogonality among the OFDM sub-channels in the presence of time- 
dispersion in the propagation channel. One extended S5nnbol value is 
generated for each OFDM sub-channel and will be referred to hereafter as an 
OFDM symbol. At step 144, the OFDM symbols are transmitted from the 
multiple transmit antennas. 

10 Multiple antennas at a receiver unit 145 receive signals at step 146. At 

step 147, the received signals imdergo a Discrete Fourier Transform (DFT) 
operation to channelize the received signals. At step 148, the data from each 
subchannel over all of the receive antennas is processed. At this processing 
step, information regarding charmel characteristics is extracted from the 

15 data, and converted into a more compressed format. One compression 
technique is the use of the conjugate channel response and the eigenmode 
matrix to reduce the amount of information needed to describe channel 
characteristics. At step 149, a message containing the compressed channel 
state information is transmitted from the receiver unit 145 to the 

20 transmitter unit 140, which will then be used to precondition further 
transmissions. 

To facilitate the derivation of the CSI, the transmit waveform is made 
up of known pilot symbols for an initial preamble. The pilot waveforms for 
different transmit antennas comprise disjoint sets of OFDM subchannels as 

25 illustrated for the case when = 4 in FIG. IC. 

With OFDM modulation, the propagation channel is divided into L 
parallel sub-channels. In order to determine the CSI quickly, an initial 
preamble consisting entirely of known symbols is transmitted. In order to 
efficiently distinguish the differing channel responses of the different 

30 transmit-receive anterma patterns, the pilot signals are assigned disjoint 
subsets of sub-channels. FIG. IC is a diagram of an exemplary OFDM pilot 
structure composed of disjoint sub-channel subsets. A sub-channel set 
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composed of sub-diarmels {0, 1, 2, . . 2"^-!} is decomposed into four disjoint 
sub-channel subsets A = {0, 4, 8, . . 2^-4}, B = {1, 5, 9, . . . , 2^-3}, C = {2, 6, 10, . . 

2''-2} and D = {3, 7, 11, . . 2''-l}. Sub-channel subset A 150 is transmitted on 
transmit antenna Txl 151, sub-channel subset B 152 is transmitted on 
5 transmit antenna Tx2 153, sub-channel subset C 154 is transmitted on 
transmit antenna Tx3 155, and sub-channel subset D 156 is transmitted on 
transmit antenna Tx4 157. Generally, each transmit antenna transmits on 
every sub-channel across the channel so that all sub-channels are 
disjoint between transmit antennas. Known pilot sjnnbols can be 

10 transmitted on all sub-channels in a sub-channel subset. The minimum 
spacing between the sub-channels used by a particular transmit antenna is a 
function of the channel parameters. If the channel response has a large 
delay spread, then a close spacing may be necessary. If the number of 
antermas is large enough that the required spacing may not be achieved for 

15 all users with a single OFDM symbol, then a number of consecutive OFDM 
symbols may be employed, with each antenna assigned a disjoint subset of 
sub-channels on one or more of the multiple pilot symbols. 

From each transmit anterma at a transmitter unit, the receiver unit 
receives pilot symbols on disjoint sub-channels and makes determinations 

20 as to channel characteristics of the disjoint sub-channels. As discussed 
previously, the receiver unit may have one or more receive antennas. 
Suppose X = {xj, i =1, . . ., K} are the pilot symbol values that are to be 
transmitted on K pilot sub-channels for a single transmit antenna. The 
receiver unit will receive the values y^^ = h-jX^ -f r\y wherein hj- is the complex 

25 channel response for the i* pilot sub-channel received at the j'*" receive 
antenna, and is noise. From this relationship, the receiver unit can 
determine noisy estimates of the chaimel response of K sub-chaimels of a 
single transmit antenna. These noisy estimates may be used to derive 
estimates for all sub-chaimels of titie propagation channel through a number 

30 of different methods, such as simple interpolation to more complex 
estimation using a priori information on the channel dispersion and noise 
level. The estimates may be improved by transmitting pilot symbols over 
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consecutive OFDM symbols and then averaging the estimates for each 
consecutive OFDM symbol. 

Estimates are generated at each receive antenna for each transmit 
anterma broadcasting pilot symbols. The CSI for the complete propagation 
5 channel can be represented by the set of channel response matrices {H^, i = 1, 
2, , . . , 2^}, where matrix Hj is associated with tiie i* sub-channel, and the 
elements of each matrix Hi are {h^f^^j = l,...^N^,k = l,,,.,Nf} ^ the complex 

channel response values for each of the transmit and receive 
antennas. 

10 The use of disjoint sub-channel subsets can further be applied in a 

system wherein multiple links, e.g., a propagation chaimel from a 
transmitter unit to one or more receiver uiuts, are located in close 
proximity. In a system where a base station transmits signals according to 
sectors, the transmission area of a sector can overlap the transmission area 

15 of another sector. In an ideal base station, transmit cmtennas in each sector 
transmit signals in a direction that is completely disjoint from the directions 
assigned to the transmit antennas of the other sectors. Unfortunately, 
overlapping areas exist in most sectored base stations. Using this 
embodiment of the invention, all transmit antennas of a base station are 

20 assigned disjoint subsets of sub-channels to avoid interference between the 
sectors of that base station. Similarly, neighboring base stations may also be 
the cause of significant interference, and disjoint sets of sub-channels may be 
assigned among base stations. 

In general, the computation of the channel response can be made for 

25 every link that is assigned a disjoint sub-channel subset, in the same 
manner as the response is computed for the principle link. However, a 
reduced amount of CSI from these interfering links may be reported to the 
transmitter unit. For example, information as to the average total 
interference level of neighboring links can be transmitted and used to 

30 determine the supportable data rate of the principle link. If several 
interfering links dominate the average total interference level, then the 
interference information of these links may be reported individually to the 
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system in order to determine a more efficient grouping of sub-channels in 
each disjoint sub-channel subset. 

Other CSI information that can be conveyed to the transmitter imit is 
the total measured power in sub-channels not assigned to the principal link. 
5 The total measured power of sub-charmels assigned to neighboring links 
gives an estimate of the total interference plus noise power. If several 
OFDM symbols are used as the pilot symbol, then the mean measured 
channel response and the actual received signal values may be used to make 
a direct estimate of the total noise in a given sub-channel. 

10 In general, the assignment of sub-channels for a network of base 

stations should follow a pattern of "frequency-reuse,'" wherein the same 
sub-channels are used only when the links are sufficiently separated by 
distance. If a large number of links are interfering with each other, then the 
number of OFDM sub-charmels may be inadequate to allow the assignment 

15 of sub-charmels for every pilot OFDM symbol. In this circumstance, 
transmit antennas may be assigned sub-channels for every P-th pilot symbol, 
where P is an integer value greater than one (1). 

In another embodiment of the invention, the OFDM scheme is 
designed to create OFDM s)anbol values that minimize or eliminate 

20 interference between transmit antennas that use either identical sub- 
channels or disjoint sub-channels. An orthogonal code, such as Walsh 
coding, can be used to transform Q pilot signals into Q orthogonal signals 
representative of the pilot signals. In the case where a Walsh code is used, 
the number of pilot signals would be a power of two. The use of orthogonal 

25 codes can be used together with the previously discussed disjoint sub- 
channel subsets in order to reduce interference from neighboring links. For 

example, in a 4x4 MIMO system with a system bandwidth of approximately 
IMHz, assume that 256 OFDM sub-channels are to be used. If the multipath 
is limited to ten microseconds, the disjoint sub-channels carrying pilot 
30 symbols should be spaced approximately 50kHz apart or closer. Each sub- 
channel is approximately 4kHz wide so that a spacing of twelve sub- 
charmels is 48kHz wide. If the OFDM sub-channels are divided into twelve 
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sets of twenty sub-channels each, sixteen are left unused. Two consecutive 
OFDM symbols are used as a pilot signal, and orthogonal coding on these 
two symbols is employed. Hence, there are twenty-four different orthogonal 
pilot assignments. These twenty-four orthogonal pilots are assigned to 
5 different transmit anteimas and links to minimize interference. 

In another embodiment of the invention, a large number of periodic 
OFDM symbols can be used as pilot data. The number of OFDM symbols 
must be large enough so that accurate measurements of interference levels 
from a large number of different transmit antennas can be made. These 

10 average interference levels would be used to set up system-wide constraints 
on simultaneous transmissions from various sites, i.e., an adaptive 
blanking scheme to allow all users nearly equivalent performance. 

In an alternate embodiment of the invention, the CSI of a MIMO 
propagation charmel can be determined and transmitted for a MIMO system 

15 that does not utilize OFDM symbols as pilot signals. Instead, a Maximal- 
Length Shift Register sequence (m-sequence) can be used to soimd the 
propagation channel. An m-sequence is the output of a shift register with 
feedback- M-sequences have desirable autocorrelation properties, including 
the property that correlation over a fuU period of the sequence with any 

20 non-zero circular shift of the sequence pelds the value -1, wherein the 
sequence values are +/-1. Hence, the correlation at zero shift is R, wherein 
R is the length of the sequence. In order to maintain desirable properties 
such as correlation in the presence of multipath, a portion of the sequence 
equal to the delay spread of the charmel must be repeated. 

25 For example, if it is known that the charmel multipath is limited to 

some time and the length of the pilot sequence is at least , then R 
different shifts of liie same m-sequence may be used with only minimal 
mutual interference. These R different shifts are assigned to different 
transmit antermas of a base station and other base stations that are the cause 

30 of major interference. 

Links in the MIMO system that are distantly separated can be assigned 
different m-sequences. The cross-correlation properties of different m- 
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sequences do not exhibit the minimal correlation properties of a single 
sequence and its shifts, but different m-sequences behave more or less like 

random sequences and provide an average correlation level of where R 
is the sequence length- This average correlation level is generally adequate 
5 for use in a MIMO system, because of the separation between the links. 

A shift register with feedback generates all possible m-sequences, so 
that sequences are merely shifted versions of a single code word of length R 
= 2""-!, where m is a positive integer value. Hence, a limited number of 
different binary m-sequences exist. In order to avoid reuse of the same m- 
10 sequence in an area where significant interference may result, filtered 
versions of longer m-sequences can be used. A filtered version of an m- 
sequence is no longer binary, but will still display the same basic correlation 
properties. 

For example, suppose that the pilot sequence is to be transmitted at a 

15 IMHz rate, and that the multipath is limited to ten microseconds. Assume 
that a base station has three sectors, wherein four transmit antennas are 
assigned to each sector for a total of twelve transmit antennas per site. If a 
length 127 m-sequence is employed, then twelve different shifts of the 
sequence may be assigned to the antermas of a single base station, with 

20 relative shifts of ten samples each. The total length of the transmitted pilot 
is then 137 microseconds, which is a full period of the sequence plus ten 
additional samples to accommodate the multipath spread. Then different 
base stations can be assigned different m-sequences, with m-sequences 
repeated in a code reuse pattern designed to minimize the effects of 

25 interference from the same m-sequence. 

The embodiments of the invention discussed herein have been 
directed to the design and transmission of pilot signals that will allow a 
person skilled in the art to derive characteristics of the propagation channel 
and to report such characteristics to the transmission site. However, the full 

30 CSI is a large amount of information and also highly redimdant. Many 
methods are available for compressing the amoxmt of CSI information to be 
transmitted. One method discussed previously is the use of the Hermatian 
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matrix H*H, wherein H is the channel response as determined at the 
receiver unit. The Hermation matrix H*H can be reported to the 
transmitter imit and be used to precondition transmissions. Due to the 
properties of Hermitian matrices, only half of the matrix elements need to 
5 be transmitted, such as the complex lower triangular portion of the matrix 
H*H, and the real-valued diagonal. Additional efficiencies are realized if 
the number of receive antennas is larger than the number of transmit 
antennas. Another metiiod to reduce the amount of information 
transmitted to the transmitter unit on the reverse link is to report only a 

10 subset of the charmel response matrices to the transmitter unit, from 
which the unreported channel response matrices can be determined 
through interpolation schemes. In another method, a functional 
representation of the channel response across the sub-channels may be 
derived for each transmit/receive anterma pair, e.g., a polynomial function 

15 representative of the channel response can be generated. The coefficients of 
the polynomial function are then transmitted to the transmitter tmit. 

As an alternative to these methods for compressing CSI information, 
one embodiment of the invention is directed to the transmission of a time- 
domain representation of the channel response, which is the channel 

20 impulse response. If a time-domain representation of the channel response 
is simple, as in cases where there are only two or three multipath 
components, an inverse FFT can be performed upon the set of channel 
frequency responses. The inverse FFT operation can be performed for each 
link between a transmit/receive antenna pair. The resulting channel 

25 impulse responses are then translated into a set of amplitudes and delays 
that are reported to the transmitter. 

As discussed previously, there is a cost associated with the 
transmission of CSI in the reverse link, which is reduced when the above 
embodiments of the invention are implemented in the MIMO system. 

30 Another method for reducing the cost is to select users according to the 
short term average of their CSI requirements. The CSI requirements change 
as the channel fades, so improved efficiency on the reverse link is achieved 
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if users estimate the quantity of CSI required, and inform the base station at 
intervals that may be periodic or aperiodic, depending on the rate of change 
of the propagation channel observed by the user. The base station may then 
include this factor in scheduling the use of the forward and reverse links. 
5 Scheduling can be arranged so that users associated with slowly changing 
propagation channels report less frequently than users associated with 
quickly changing propagation channels. The base station can also arrange 
the scheduling to take into account factors such as the number of system 
users and fairness. 

10 In another aspect of this embodiment of the invention, a time 

interval can be assigned so that CSI updates in a long transmission period 
can be adjusted according to the actual changes in the propagation channel. 
Changes in the propagation chaimel can be monitored at the receiving site 
in one of a number of possible ways. For example, the difference between 

15 the soft decision on the symbols and tiKe closest QAM constellation value 
can be determined and used as a criterion, or the relative sizes of decoder 
metrics can also be used. When the quality of a given criterion falls below a 
predetermined threshold, an update to the CSI is reported to the transmitter 
unit. 

20 The overall multipath power-delay profile of a link changes very 

slowly because the average power observed at various delays remains 
constant, even though channel fading may occur frequently. Hence, the 
amount of CSI required to characterize a link can vary substantially from 
link to link. To optimize performance, the coding of the CSI is tailored to 

25 the specific link requirements. If the CSI is sent in frequency-domain form, 
i.e., a set of channel response matrices which are to be interpolated, then 
links with little multipath require only a small set of channel response 
matrices. 
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Structural Components of a High Efficiency, High Performance 

Communication System 
FIG. 3 is a block diagram of a data processor 112 and modulator 114 of 

system 110 in FIG. lA. The aggregate input data stream that includes all data 

5 to be transmitted by system 110 is provided to a demultiplexer (DEMUX) 310 

within data processor 112. Demultiplexer 310 demultiplexes the input data 

stream into a number of (K) channel data streams, through Sj,. Each 

channel data stream may correspond to, for example, a signaling channel, a 

broadcast channel, a voice call, or a traffic data transmission. Each channel 

10 data stream is provided to a respective encoder 312 that encodes the data 
using a particular encoding scheme. 

The encoding may include error correction coding or error detection 
coding, or both, used to increase the reliability of the link. More specifically, 
such encoding may include, for example, interleaving, convolutional 

15 coding. Turbo coding, TrelUs coding, block coding (e.g., Reed-Solomon 
coding), cyclic redimdancy check (CRC) coding, and others. Turbo encoding 
is described in further detail in U.S. Patent Application Serial No. 
09/205,511, filed December 4, 1998 entitled "Turbo Code Interleaver Using 
Linear Congruential Sequences^' and in a document entitled "The cdma2000 

20 ITU-R RTT Candidate Submission,'' hereinafter referred to as the IS-2000 
standard, both of which are incorporated herein by reference. 

The encoding can be performed on a per charmel basis, i.e., on each 
channel data stream, as shown in FIG. 3. However, the encoding may also 
be performed on the aggregate input data stream, on a number of channel 

25 data streams, on a portion of a channel data stream, across a set of antennas, 
across a set of sub-channels, across a set of sub-channels and antennas, across 
each sub-channel, on each modulation symbol, or on some other unit of 
time, space, and frequency. The encoded data from encoders 312a through 
312k is then provided to a data processor 320 that processes the data to 

30 generate modulation symbols. 

In one implementation, data processor 320 assigns each channel data 
stream to one or more sub-channels, at one or more time slots, and on one 
or more antennas. For example, for a channel data stream corresponding to 
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a voice call, data processor 320 may assign one sub-channel on one antenna 
(if transmit diversity is not used) or multiple antennas (if transmit diversity 
is used) for as many time slots as needed for that call. For a channel data 
stream corresponding to a signaling or broadcast channel, data processor 320 
5 may assign the designated sub-channel(s) on one or more antennas, again 
depending on whether transmit diversity is used. Data processor 320 then 
assigns the remaining available resources for channel data streams 
corresponding to data transnrussions. Because of the bursty nature of data 
transmissions and the greater tolerance to delays, data processor 320 can 

10 assign the available resources such that the system goals of high 
performance and high efficiency are achieved. The data transmissions are 
thus "scheduled" to achieve the system goals. 

After assigning each channel data stream to its respective time slot(s), 
sub-channel(s), and antenna(s), the data in the channel data stream is 

15 modulated using multi-carrier modulation. OFDM modulation is used to 
provide numerous advantages. In one implementation of OFDM 
modulation, the data in each channel data stream is grouped to blocks, with 
each block having a particular number of data bits. The data bits in each 
block are then assigned to one or more sub-channels associated with that 

20 channel data stream. 

The bits in each block are then demultiplexed into separate sub- 
channels, with each of the sub-channels conveying a potentially different 
number of bits (i.e., based on C/I of the sub-channel and whether MIMO 
processing is employed). For each of these sub-channels, the bits are 

25 grouped into modulation symbols using a particular modulation scheme 
(e.g., M-PSK or M-QAM) associated with that sub-channel. For example, 
with 16-QAM, the signal constellation is composed of 16 points in a complex 
plane (i.e., a + j*b), with each point in the complex plane conve3dng 4 bits of 
information. In the MIMO processing mode, each modulation symbol in 

30 the sub-channel represents a linear combination of modulation symbols, 
each of which may be selected from a different constellation. 
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The collection of L modulation symbols form a modulation symbol 
vector V of dimensionality L. Each element of the modulation symbol 
vector V is associated with a specific sub-channel having a imique frequency 
or tone on which the modulation symbols is conveyed. The collection of 
5 these L modulation symbols are all orthogonal to one another. At each time 
slot and for each antenna, the L modulation sym.bols corresponding to the L 
sub-channels are combined into an OFDM symbol using an inverse fast 
Fourier transform (IFFT). Each OFDM symbol includes data from the 
channel data streams assigned to the L sub-channels. 

10 OFDM modulation is described in further detail in a paper entitled 

"Multicarrier Modulation for Data Transmission : An Idea Whose Time Has 
Come," by John A.C. Bingham, IEEE Communications Magazine, May 1990, 
which is incorporated herein by reference. 

Data processor 320 thus receives and processes the encoded data 

15 corresponding to K channel data streams to provide modulation symbol 
vectors, through Y^^, one modulation symbol vector for each transmit 
antenna. In some implementations, some of the modulation symbol 
vectors may have duplicate information on specific sub-channels intended 
for different transmit anteimas. The modulation symbol vectors 

20 through Y^^ are provided to modulators 114a through 114t, respectively. 

In FIG. 3, each modulator 114 includes an IFFT 330, cycle prefix 
generator 332, and an upconverter 334. IFFT 330 converts the received 
modulation symbol vectors into their time-domain representations called 
OFDM sym.bols. IFFT 330 can be designed to perform the IFFT on any 

25 number of sub-channels (e.g., 8, 16, 32, and so on). Alternatively, for each 
modulation symbol vector converted to an OFDM symbol, cycle prefix 
generator 332 repeats a portion of the time-domain representation of the 
OFDM symbol to form the transmission symbol for the specific antenna. 
The cyclic prefix insures that the transmission s)anbol retains its orthogonal 

30 properties in the presence of multipath delay spread, thereby improving 
performance against deleterious path effects, as described below. The 
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implementation of IFFT 330 and cyde prefix generator 332 is known in the 
art and not described in detail herein. 

The time-domain representations from each cycle prefix generator 332 
(i.e., the transmission symbols for each antenna) are then processed by 
5 upconverter 332, converted into an analog signal, modulated to a RF 
frequency, and conditioned (e.g., amplified and filtered) to generate an RF 
modulated signal that is then transmitted from the respective antenna 116. 

FIG. 3 also shows a block diagram of a data processor 320. The 
encoded data for each channel data stream (i.e., the encoded data stream, X) 
10 is provided to a respective channel data processor 332. If the channel data 
stream is to be transmitted over multiple sub-channels and/or multiple 
antermas (without duplication on at least some of the transmissions), 
charmel data processor 332 demultiplexes the channel data stream into a 

number of (up to L^Ny) data sub-streams. Each data sub-stream corresponds 

15 to a transmission on a particular sub-charmel at a particular antenna. In 
typical implementations, the number of data sub-streams is less than L^N^ 
since some of the sub-channels are used for signaling, voice, and other types 
of data. The data sub-streams are then processed to generate corresponding 
sub-streams for each of the assigned sub-chaimels that are then provided to 

20 combiners 334. Combiners 334 combine the modulation symbols designated 
for each antenna into modulation symbol vectors that are then provided as 
a modulation sjnmbol vector stream. The modulation s3niabol vector 
streams for the antennas are then provided to the subsequent processing 
blocks (i.e., modulators 114). 

25 In a design that provides the most flexibility, best performance, and 

highest efficiency, the modulation symbol to be transmitted at each time 
slot, on each sub-channel, can be individually and independently selected. 
This feature allows for the best use of the available resource over all three 
dimensions - time, frequency, and space. The number of data bits 

30 transmitted by each modulation sjmabol may thus differ. 

FIG. 4A is a block diagram of a channel data processor 400 that can be 
used for processing one charmel data steam. Channel data processor 400 can 
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be used to implement one channel data processor 332 in HG. 3. The 
transmission of a channel data stream may occur on multiple sub-channels 
(e.g., as for data 1 in FIG. 2) and may also occur from multiple antennas. The 
transmission on each sub-channel and from each antenna can represent 
5 non-duplicated data. 

Within charmel data processor 400, a demultiplexer 420 receives and 
demultiplexes ihe encoded data stream, X., into a number of sub-channel 
data streams, Xj ^ through X^-^, one sub-channel data stream for each sub- 
channel being used to transmit data. The data demultiplexing can be 

10 uniform or non-uniform. For example, if some information about the 
transmission paths is known (i.e., full CSI or partial CSI is known), 
demultiplexer 420 may direct more data bits to the sub-channels capable of 
transmitting more bps/Hz. However, if no CSI is known, demultiplexer 420 
may uniformly directs approximately equal numbers of bits to each of the 

15 allocated sub-channels. 

Each sub-channel data stream is then provided to a respective spatial 
division processor 430. Each spatial division processor 430 may further 
demultiplex the received sub-channel data stream into a number of (up to 
N^) data sub-^streams, one data sub-stream for each antenna used to transmit 

20 the data. Thus, after demultiplexer 420 and spatial division processor 430, 

the encoded data stream X. may be demultiplexed into up to L^N^ data sub- 
streams to be transmitted on up to L sub-channels from up to antennas. 

At any particular time slot, up to modulation symbols may be 
generated by each spatial division processor 430 and provided to 

25 combiners 400a through 440t. For example, spatial division processor 430a 
assigned to sub-channel 1 may provide up to modulation symbols for 
sub-channel 1 of antermas 1 through N^. Similarly, spatial division 
processor 430k assigned to sub-channel k may provide up to S5anbols for 
sub-channel k of antennas 1 through N^. Each combiner 440 receives the 

30 modulation symbols for the L sub-channels, combines the symbols for each 
time slot into a modulation symbol vector, and provides the modulation 
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symbol vectors as a modulation symbol vector stream, V, to the next 
processing stage (e.g., modtdator 114). 

Channel data processor 400 may also be designed to provide the 
necessary processing to implement the fidl-CSI or partial-CSI processing 
5 modes described above. The CSI processing may be performed based on the 
available CSI information and on selected channel data streams, sub- 
channels, antennas, etc. The CSI processing may also be enabled and 
disabled selectively and dynamically. For example, the CSI processing may 
be enabled for a particular transmission and disabled for some other 

10 transmissions. The CSI processing may be enabled under certain conditions, 
for example, when the transmission link has adequate C/L 

Channel data processor 400 in FIG. 4A provides a high level of 
flexibility. However, such flexibility is typically not needed for all channel 
data streams. For example, the data for a voice call is t37pically transmitted 

15 over one sub-channel for tiie duration of the call, or until such time as the 
sub-channel is reassigned. The design of {he channel data processor can be 
greatly simplified for these channel data streams. 

FIG. 4B is a block diagram of the processing that can be employed for 
one channel data steam such as overhead data, signaling, voice, or traffic 

20 data. A spatial division processor 450 can be used to implement one 
channel data processor 332 in FIG. 3 and can be used to support a channel 
data stream such as, for example, a voice call. A voice call is typically 
assigned to one sub-channel for multiple time slots (e.g., voice 1 in FIG. 2) 
and may be transmitted from multiple antennas. The encoded data stream, 

25 X., is provided to spatial division processor 450 that groups the data into 
blocks, with each block having a particular number of bits that are used to 
generate a modulation symbol. The modulation symbols from spatial 
division processor 450 are then provided to one or more combiners 440 
associated with the one or more antennas used to transmit the channel data 

30 stream. 

A specific implementation of a transmitter unit capable of generating 
the transmit signal shown in FIG. 2 is now described for a better 
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understanding of the invention. At time slot 2 in FIG. 2, control data is 
transmitted on sub-channel 1, broadcast data is transmitted on sub-channel 
2, voice calls 1 and 2 are assigned to sub-charmels 3 and 4, respectively, and 
traffic data is transmitted on sub-channels 5 through 16. In this example, the 
5 transmitter tmit is assumed to include four transmit antermas (i.e., = 4) 
and four transmit signals (i.e., four RF modulated signals) are generated for 
the four antermas. 

FIG. 5A is a block diagram of a portion of the processing units that can 
be used to generate the transmit signal for time slot 2 in FIG. 2. The input 

10 data stream is provided to a demultiplexer (DEMUX) 510 that demultiplexes 
the stream into five channel data streams, through S5, corresponding to 
control, broadcast, voice 1, voice 2, and data 1 in FIG. 2. Each channel data 
stream is provided to a respective encoder 512 that encodes the data using an 
encoding scheme selected for that stream. 

15 In this example, charmel data streams through S3 are transmitted 

using transmit diversity. Thus, each of the encoded data streams through 
X3 is provided to a respective charmel data processor 532 that generates the 
modulation symbols for that stream. The modulation symbols from each of 
the channel data processors 532a through 532c are then provided to all four 

20 combiners 540a through 540d. Each combiner 540 receives the modulation 
S3rmbols for all 16 sub-charmels designated for the antenna associated with 
the combiner, combines the symbols on each sub-channel at each time slot 
to generate a modulation symbol vector, and provides the modulation 
symbol vectors as a modulation symbol vector stream, V, to an associated 

25 modulator 114. As indicated in FIG. 5A, channel data stream is 
transmitted on sub-channel 1 from all four antennas, channel data stream 
is transmitted on sub-channel 2 from all four antennas, and channel data 
stream S3 is transmitted on sub-channel 3 from all four antennas. 

FIG. 5B is a block diagram of a portion of the processing units used to 

30 process the encoded data for charmel data stream S4. In this example, 
channel data stream S4 is transmitted using spatial diversity (and not 
transmit diversity as used for charmel data streams Sj through S3)- With 



wo 01/76110 



PCT/USOl/09114 



39 

spatial diversity, data is demultiplexed and transmitted (concurrently in 
each of the assigned sub-channels or over different time slots) over multiple 
antennas. The encoded data stream X4 is provided to a channel data 
processor 532d that generates the modulation symbols for that stream. The 
5 modulation symbols in this case are linear combinations of modulation 
symbols selected from symbol alphabets that correspond to each of the 
eigenmodes of the channel. In this example, there are four distinct 
eigenmodes, each of which is capable of conveying a different amount of 
information. As an example, suppose eigenmode 1 has a C/I that allows 64- 

10 QAM (6 bits) to be transmitted reliably, eigenmode 2 permits 16-QAM (4 
bits), eigenmode 3 permits QPSK (2 bits) and eigenmode 4 permits BPSK (1 
bit) to be used. Thus, the combination of all four eigenmodes allows a total 
of 13 information bits to be transmitted simultaneously as an effective 
modxilation symbol on all four antennas in the same sub-channel. The 

15 effective modulation symbol for the assigned sub-channel on each antenna 
is a linear combination of the individual symbols associated with each 
eigenmode, as described by the matrix multiply given in equation (1) above. 

FIG- 5C is a block diagram of a portion of the processing units used tq 
process channel data stream S5. The encoded data stream X5 is provided to a 

20 demultiplexer (DEMUX) 530 that demultiplexes the stream X5 into twelve 
sub-channel data streams, Xg^^ through X5 one sub-channel data stream 
for each of the allocated sub-channels 5 through 16. Each sub-channel data 
stream is then provided to a respective sub-channel data processor 536 that 
generates the modulation symbols for the associated sub-channel data 

25 stream. The sub-channel symbol stream from sub-channel data processors 
536a through 5361 are then provided to demultiplexers 538a through 5381, 
respectively. Each demultiplexer 538 demultiplexes the received sub- 
channel symbol stream into four symbol sub-streams, with each symbol sub- 
stream corresponding to a particular sub-channel at a particular antenna. 

30 The four symbol sub-streams from each demultiplexer 538 are then 
provided to the four combiners 540a through 540d. 
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In FIG. 5C, a sub-channel data stream is processed to generate a sub- 
channel symbol stream that is then demultiplexed into four symbol sub- 
streams, one sjmabol sub-stream for a particular sub-chaimel of each 
anterma. This implementation is a different from that described for FIG. 4A. 
5 In FIG. 4A, the sub-chaimel data stream designated for a particular sub- 
channel is demultiplexed into a number of data sub-streams, one data sub- 
stream for each anterma, and then processed to generate the corresponding 
symbol sub-streams. The demultiplexing in FIG. 5C is performed after the 
symbol modulation whereas the demultiplexing in FIG. 4A is performed 

10 before the symbol modulation. Other implementations may also be used 
and are within the scope of the present invention. 

Each combination of sub-channel data processor 536 and 
demultiplexer 538 in FIG. 5C performs in similar manner as the 
combination of sub-channel data processor 532d and demultiplexer 534d in 

15 FIG. 5B. The rate of each symbol sub-stream from each demultiplexer 538 is, 
on the average, a quarter of the rate of the symbol stream from the 
associated channel data processor 536. 

FIG. 6 is a block diagram of a receiver unit 600, having multiple 
receive anteimas, which can be used to receive one or more charmel data 

20 streams. One or more transmitted signals from one or more transmit 
antennas can be received by each of antennas 610a through 610r and routed 
to a respective front end processor 612. For example, receive anterma 610a 
may receive a number of transmitted signals from a number of transmit 
antennas, and receive antenna 610r may similarly receive multiple 

25 transmitted signals. Each front end processor 612 conditions (e.g., filters and 
amplifies) the received signal, downconverts the conditioned signal to an 
intermediate frequency or baseband, and samples and quantizes the 
downconverted signal. Each front end processor 612 typically further 
demodulates the samples associated with the specific antenna with the 

30 received pilot to generate "coherent" samples that are then provided to a 
respective FFT processor 614, one for each receive antenna- 
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Each FFT processor 614 generates transformed representations of the 
received samples and provides a respective stream of modulation symbol 
vectors. The modulation symbol vector streams from FFT processors 614a 
through 614r are then provided to demultiplexer and combiners 620, which 
5 channelizes the stream of modulation symbol vectors from each FFT 
processor 614 into a number of (up to L) sub-channel symbol streams. The 
sub-channel symbol streams from all FFT processors 614 are then processed, 
based on the (e.g., diversity or MIMO) communications mode used, prior to 
demodulation and decoding. 

10 For a channel data stream transmitted using the diversity 

communications mode, the sub~channel symbol streams from all antennas 
used for the transmission of the channel data stream are presented to a 
combiner that combines the redundant information across time, space, and 
frequency. The stream of combined modulation symbols are then provided 

15 to a (diversity) channel processor 630 and demodulated accordingly. 

For a channel data stream transmitted using the MIMO 
communications mode, all sub-chaimel symbol streams used for the 
transmission of the channel data stream are presented to a MIMO processor 
that orthogonalizes the received modulation symbols in each sub-channel 

20 into the distinct eigenmodes. The MIMO processor performs the processing 
described by equation (2) above and generates a number of independent 
symbol sub-streams corresponding to the number of eigenmodes used at the 
transmitter unit. For example, MIMO processor can perform multiplication 
of the received modulation symbols with the left eigenvectors to generate 

25 post-conditioned modulation symbols, which correspond to the modulation 
symbols prior to the fuU-CSI processor at the transmitter unit. The (post- 
conditioned) symbol sub-streams are then provided to a (MIMO) channel 
processor 630 and demodulated accordingly- Thus, each channel processor 
630 receives a stream of modulation symbols (for the diversity 

30 communications mode) or a nvimber of symbol sub-streams (for the MIMO 
communications mode). Each stream or sub-stream of modulation symbols 
is then provided to a respective demodulator (DEMOD) that implements a 
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demodulation scheme (e.g., M-PSK, M-QAM, or others) that is 
complementary to the modulation scheme used at the transmitter unit for 
the sub-channel being processed. For the MEMO communications mode, the 
demodulated data from aU assigned demodulators may then be decoded 
5 independently or multiplexed into one channel data stream and then 
decoded, depending upon the coding and modulation method employed at 
the transmitter unit. For both the diversity and MIMO communications 
modes, the channel data stream from channel processor 630 may then 
provided to a respective decoder 640 that implements a decoding scheme 

10 complementary to that used at the transmitter unit for the channel data 
stream. The decoded data from each decoder 540 represents an estimate of 
the transmitted data for that channel data stream. 

FIG. 6 represents one embodiment of a receiver unit. Other designs 
can contemplated and are within the scope of the present invention. For 

15 example, a receiver unit may be designed with only one receive antenna, or 
may be designed capable of simultaneously processing multiple (e.g., voice, 
data) channel data streams. 

As noted above, multi-carrier modulation is used in the 
commtmications system of the invention. In particular, OFDM modulation 

20 can be employed to provide a number of benefits including improved 
performance in a multipath environment, reduced implementation 
complexity (in a relative sense, for the MIMO mode of operation), and 
flexibility. However, other variants of multi-carrier modulation can also be 
used and are within the scope of the present invention. 

25 OFDM modulation can improve system performance due to 

multipath delay spread or differential path delay introduced by the 
propagation environment between the transmitting antenna and the 
receiver antenna. The communications link (i.e., the RF channel) has a 
delay spread ihat may potentially be greater than the reciprocal of tiie system 

30 operating bandwidth, W. Because of this, a communications system 
employing a modulation scheme that has a transmit symbol duration of less 
tiian ihe delay spread will experience inter-symbol interference (ISI). The ISI 
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distorts the received symbol and increases the likelihood of incorrect 
detection. 

With OFDM raodulation, the transmission charmel (or operating 
bandwidth) is essentially divided into a (large) number of parallel sub- 
5 channels (or sub-bands) that are used to communicate the data. Because 
each of the sub-channels has a bandwidth that is typically much less than 
the coherence bandwidth of the communications link, ISI due to delay 
spread in the link is significantly reduced or eliminated using OFDM 
modulation. In contrast, most conventional modulation schemes (e.g., 

10 QPSK) are sensitive to ISI unless the transmission symbol rate is small 
compared to the delay spread of the commimications link. 

As noted above, cyclic prefixes can be used to combat the deleterious 
effects of multipath. A cyclic prefix is a portion of an OFDM symbol (usually 
the front portion, after the IFFT) that is wrapped arotind to the back of the 

15 symbol. The cyclic prefix is used to retain orthogonality of the OFDM 
symbol, which is t3^ically destroyed by multipath. 

As an example, consider a communications system in which the 
channel delay spread is less than 10 ^^sec. Each OFDM symbol has appended 
onto it a cyclic prefix that insures that the overall symbol retains its 

20 orthogonal properties in the presence of multipath delay spread. Since the 
cyclic prefix conveys no additional information, it is essentially overhead. 
To maintain good efficiency, the duration of the cyclic prefix is selected to be 
a small fraction of the overall transmission symbol duration. For the above 
example, using a 5% overhead to accotint for the cydic prefix, a transmission 

25 symbol duration of 200 |jisec is adequate for a 10 |xsec maximum channel 
delay spread. The 200 \isec transmission s)nnbol duration corresponds to a 
bandwidth of 5 kHz for each of the sub-bands. If the overall system 
bandwidth is 1.2288 MHz, 250 sub-charmels of approximately 5 kHz can be 
provided. In practice, it is convenient for the number of sub-channels to be 

30 a power of two. Thus, if the transmission symbol duration is increased to 
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205 iLLsec and the system bandwidth is divided into M = 256 sub-bands, each 
sub-channel will have a bandwidth of 4,88 kHz. 

In certain embodiments of the invention, OFDM modulation can 
reduce the complexity of the system. When the communications system 
5 incorporates MIMO technology, the complexity associated with the receiver 
unit can be significant, particularly when multipath is present. The use of 
OFDM modulation allows each of the sub-channels to be treated in an 
independent maimer by the MIMO processing employed. Thus, OFDM 
modulation can significantly simplify the signal processing at the receiver 

10 unit when MIMO technology is used. 

OFDM modulation can also afford added flexibility in sharing the 
system bandwidth, W, among multiple users. Specifically, the available 
transmission space for OFDM symbols can be shared among a group of 
users. For example, low rate voice users can be allocated a sub-chaimel or a 

15 fraction of a sub-channel in OFDM symbol, while the remaining sub- 
channels can be allocated to data users based on aggregate demand. In 
addition, overhead, broadcast, and control data can be conveyed in some of 
the available sub-channels or (possibly) in a portion of a sub-channel. 

As described above, each sub-channel at each time slot is associated 

20 with a modulation symbol that is selected from some alphabet such as M- 
PSK or M-QAM. In certain embodiments, the modulation symbol in each of 
the L sub-chaimels can be selected such that the most efficient use is made of 
that sub-channel. For example, sub-channel 1 can be generated using QPSK, 
sub-channel 2 can be generate using BPSK, sub-channel 3 can be generated 

25 using 16-QAM, and so on. Thus, for each time slot, up to L modulation 
symbols for the L sub-channels are generated and combined to generate the 
modulation symbol vector for that time slot. 

One or more sub-channels can be allocated to one or more users. For 
example, each voice user may be allocated a single sub-channel. The 

30 remaining sub-channels can be dynamically allocated to data users. In this 
case, the remaining sub-channels can be allocated to a single data user or 
divided among multiple data users. In addition, some sub-channels can be 
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reserved for transmitting overhead, broadcast, and control data. In certain 
embodiments of the invention, it may be desirable to change the sub- 
channel assignment from (possibly) modulation symbol to symbol in a 
pseudo-random manner to increase diversity and provide some 
5 interference averaging. 

In a CDMA system, the transmit power on each reverse link 
transmission is controlled such that the required frame error rate (FER) is 
achieved at the base station at the minimal transmit power, thereby 
minimizing interference to other users in the system. On the forward link 
10 of the CDMA system, the transmit power is also adjusted to increase system 
capacity. 

In the communications system of the invention, the transmit power 
on the forward and reverse links can be controlled to minimize interference 
and maximize system capacity. Power control can be achieved in various 

15 manners. For example, power control can be performed on each channel 
data stream, on each sub-channel, on each antexma, or on some other unit 
of measurement. When operating in the diversity communications mode, 
if the path loss from a particular antenna is great, transmission from this 
antenna can be reduced or muted since little may be gained at the receiver 

20 unit. Similarly, if transmission occurs over multiple sub-channels, less 
power may be transmitted on the sub-channel(s) experiencing the most path 
loss. 

In an implementation, power control can be achieved with a feedback 
mechanism similar to that used in the CDMA system. Power control 

25 information can be sent periodically or autonomously from the receiver 
unit to the transmitter imit to direct the transmitter unit to increase or 
decrease its transmit power. The power control bits may be generated based 
on, for example, the BER or FER at the receiver imit. 

FIG. 7 shows plots that illustrate the spectral efficiency associated with 

30 some of the communications modes of the communications system of the 
invention. In FIG. 7, the number of bits per modulation symbol for a given 
bit error rate is given as a function of C/I for a number of system 
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configvirations. The notation N^xN^ denotes the dimensionality of the 
configuration, with = number of transmit antennas and = number of 
receive antennas. Two diversity configurations, namely 1x2 and 1x4, and 
foxxx MIMO configurations, namely 2x2, 2x4, 4x4, and 8x4, are simulated and 
5 the results are provided in FIG. 7. 

As shown in the plots, the number of bits per symbol for a given BER 
ranges from less than 1 bps/Hz to almost 20 bps/Hz. At low values of C/I, 
the spectral efficiency of the diversity communications mode and MIMO 
communications mode is similar, and the improvement in efficiency is less 

10 noticeable. However, at higher values of C/I, the increase in spectral 
efficiency with the use of the MIMO commimications mode becomes more 
dramatic. In certain MIMO configurations and for certain conditions, the 
instantaneous improvement can reach up to 20 times. 

From these plots, it can be observed that spectral efficiency generally 

15 increases as the number of transmit and receive antennas increases. The 
improvement is also generally limited to the lower of and N^. For 
example, the diversity configurations, 1x2 and 1x4, both asymptotically reach 
approximately 6 bps/Hz. 

In examining the various data rates achievable, the spectral efficiency 

20 values given in FIG. 7 can be applied to the results on a sub-channel basis to 
obtain the range of data rates possible for the sub-channel. As an example, 
for a subscriber unit operating at a C/I of 5 dB, the spectral efficiency 
achievable for this subscriber unit is between 1 bps /Hz and 2.25 bps/Hz, 
depending on the communications mode employed. Thus, in a 5 kHz sub- 

25 channel, this subscriber unit can sustain a peak data rate in the range of 5 
kbps to 10.5 kbps. If the C/I is 10 dB, the same subscriber xinit can sustain 
peak data rates in the range of 10.5 kbps to 25 kbps per sub-charmel. With 
256 sub-channels available, the peak sustained data rate for a subscriber unit 
operating at 10 dB C/I is then 6.4 Mbps. Thus, given the data rate 

30 requirements of the subscriber unit and ttie operating C/I for the subscriber 
imit, the system can allocate the necessary number of sub-charmels to meet 
the requirements. In the case of data services, the number of sub-channels 
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allocated per time slot may vary depending on, for example, other traffic 
loading. 

The reverse link of the commimications system can be designed 
similar in structtire to the forward link. However, instead of broadcast and 
5 common control channels, there may be random access channels defined in 
specific sub-channels or in specific modulation symbol positions of the 
frame, or both. These may be used by some or all subscriber units to send 
short requests (e.g., registration, request for resources, and so on) to the 
central station. In the common access channels, the subscriber units may 
10 employ common modulation and coding. The remaining channels may be 
allocated to separate users as in the forward link. Allocation and de- 
allocation of resources (on both the forward and reverse links) can be 
controlled by the system and can be communicated on the control channel 
in the forward link. 

15 One design consideration for on the reverse link is the maximum 

differential propagation delay between the closest subscriber unit and the 
furthest subscriber tmit. hx systems where this delay is small relative to the 
cyclic prefix ditration, it may not be necessary to perform correction at the 
transmitter unit. However, in systems in which the delay is significant, the 

20 cyclic prefix can be extended to account for the incremental delay. In some 
instances, it may be possible to make a reasonable estimate of the round trip 
delay and correct the time of transmit so that the symbol arrives at the 
central station at the correct instant. Usually there is some residual error, so 
the cyclic prefix may also further be extended to accommodate this residual 

25 error. 

In the communications system, some subscriber xmits in the coverage 
area may be able to receive signals from more than one central station. If 
title information transmitted by multiple central stations is redimdant on 
two or more sub-channels and /or firom two or more antennas, Ihe received 
30 signals can be combined and demodulated by the subscriber unit using a 
diversity-combining scheme. If the cyclic prefix employed is sufficient to 
handle the differential propagation delay between the earliest and latest 
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arrival, the signals can be (optimally) combined in the receiver and 
demodulated correctly. This diversity reception is well known in broadcast 
applications of OFDM. When the sub-charmels are allocated to specific 
subscriber tmits, it is possible for the same information on a specific sub- 
5 channel to be transmitted from a number of central stations to a specific 
subscriber imit. This concept is similar to the soft handoff used in CDMA 
systems. 

As shown above, the transmitter unit and receiver unit are each 
implemented with various processing units that include various types of 

10 data processor, encoders, IFFTs, FFTs, demultiplexers, combiners, and so on. 
These processing units can be implemented in various manners such as an 
application specific integrated circuit (ASIC), a digital signal processor, a 
microcontroller, a microprocessor, or other electronic circuits designed to 
perform the functions described herein. Also, the processing units can be 

15 implemented with a general-purpose processor or a specially designed 
processor operated to execute instruction codes that achieve the functions 
described herein. Thus, ihe processing xmits described herein can be 
implemented using hardware, software, or a combination thereof. 

The foregoing description of the preferred embodiments is provided 

20 to enable any person skilled in the art to make or use the present invention. 
Various modifications to these embodiments will be readily apparent to 
those skilled in the art, and the generic principles defined herein may be 
applied to other embodiments without the use of the inventive faculty. 
Thus, the present invention is not intended to be limited to the 

25 embodiments shown herein but is to be accorded the widest scope consistent 
with the principles and novel features disclosed herein. 



WHAT IS CLAIMED IS: 
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CLAIMS 

1/ A method for measuring and reporting transmission characteristics of 
2 a propagation channel in a multiple input/multiple output communication 

system, comprising the steps of: 
4 generating a plurality of pilot signals; 

transmitting the plurality of pilot signals over a propagation channel 
6 between a transmitter unit and a plurality of receiver units, wherein the 
transmitter unit comprises at least one transmit antenna, each of the 
8 plurality of receiver units comprises at least one receive antenna, and the 
propagation channel comprises a plurality of sub-channels between the 
10 transmitter unit and the plurality of receiver units; 

receiving at least one of the plurality of pilot signals at each of the 
12 plurality of receiver imits; 

determining a set of transmission characteristics for at least one of the 
14 plurality of sub-channels, wherein the step of determining the set of 
transmission characteristics uses at least one of the plurality of pilot signals 
16 received at each of the plurality of receiver units; 

reporting an information signal from each of the plurality of receiver 
18 imits to the transmitter unit, wherein the information signal carries the set 
of transmission characteristics for at least one of the plurality of sub- 
20 channels; and 

optimizing a set of transmission parameters at the transmitter unit, 
22 based on the information signal. 

2. The method of Claim 1, wherein the step of transmitting the plurality 
2 of pilot signals comprise the steps of: 

generating a plurality of disjoint orthogonal frequency-division 
4 multiplexed (OFDM) sub-charmel sets, wherein the plurality of disjoint 

OFDM sub-channel sets may comprise disjoint, substantially orthogonal 
6 frequency-division multiplexed sub-channel sets; and 
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transmitting at least one of the plurality of pilot signals on at least one 
8 of the plurality of disjoint OFDM sub-channel sets. 

3. The method of Claim 2, wherein the step of generating the plurality 
2 of disjoint OFDM sub-channel sets comprises the step of reusing at least one 

of the plurality of disjoint OFDM sub-channel sets if the at least one 
4 transmit antenna is spatially distant from any other transmit antenna. 

4. The method of Claim 2, wherein the step of determining the set of 
2 transmission characteristics for at least one of the plurality of sub-channels 

comprises the step of analyzing a group of the disjoint OFDM sub-channel 
4 sets. 

5. The method of Claim 4, wherein the set of transmission 
2 characteristics comprises an average interference level. 

6. The method of Claim 4, wherein the set of transmission 
2 characteristics comprises a noise level. 

7. The method of Qaim 1, wherein the plurality of pilot signals 
2 comprises a plurality of orthogonal sequences. 

8. The method of Claim 1, wherein the plurality of pilot signals 
2 comprises a plurality of OFDM symbols. 

9. The method of Claim 8, wherein the plurality of OFDM symbols are 
2 orthogonally coded. 

10. The method of Claim 9, wherein the plurality of OFDM symbols are 
2 orthogonally coded with Walsh code sequences. 
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11. The method of Claim 1, wherein the plurality of pilot signals 
2 comprises a plurality of shifted Maximal-Length Shift Register sequences 

(m-sequences), wherein each of the plurality of shifted m-sequences is 
4 separated by a predetermined period. 

12. The method of Claim 11, wherein the plurality of pilot signals 
2 comprises a plurality of shifted, appended m-sequences, wherein each of the 

plurality of shifted, appended m-sequences includes a repeated portion of 
4 the m-sequence. 

13- The method of Claim 4, wherein the group of the disjoint OFDM sub- 
2 channel sets comprises: 

at least one of the plurality of disjoint OFDM sub-channel sets 
4 associated with a principal link; and 

at least one of the plurality of disjoint OFDM sub-channel sets 
6 associated with a set of interfering links. 

14. The method of Claim 13, wherein the information signal carries the 
2 set of transmission characteristics associated with the principal link and the 

set of interfering links. 

15. The method of Claim 2, wherein the step of reporting transmission 
2 parameters comprises iiie steps of: 

generating a polynomial function representative of a set of 
4 transmission characteristics of the principle link; and 

transmitting a set of coefficients associated with the polynomial 
6 function. 

16. The method of Claim 2, wherein the step of reporting the 
2 information signal comprises the step of compressing the set of 

transmission characteristics for at least one of the pliarality of sub-channels, 
4 wherein the set of transmission characteristics is obtained from an inverse 
fast Fourier transformation performed upon a channel frequency response. 
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17. The metiiod of Claim 1, further comprising the steps of: 

2 generating a plurality of scheduling messages at the transmitter unit; 

and 

4 transmitting at least one of the plurality of scheduling messages to at 

least one of the plurality of receiver units, wherein upon receipt of the at 

6 least one of the plurality of scheduling messages, the at least one of the 
plurality of receiver units schedules the step of reporting the information 

8 signal. 

18. An apparatus for measuring and reporting transmission 
2 characteristics of a propagation channel in a multiple input/ multiple output 

communication system, comprising: 
4 means for generating a plurality of pilot signals; 

means for transmitting the plurality of pilot signals over a 
6 propagation channel between a transmitter unit and a plurality of receiver 
units, wherein the transroitter unit comprises at least one transmit antenna, 
8 , each of the plurality of receiver imits comprises at least one receive antenna, 
and the propagation channel comprises a plurality of sub-chaxmels between 
10 the transmitter unit and the plurality of receiver units; 

means for receiving at least one of the plurality of pilot signals at the 
12 receiver unit; 

means for detennining a set of transmission characteristics for at least 
14 one of the plurality of sub-channels, wherein the step of determining the set 
of transmission characteristics uses at least one of the plurality of pilot 
16 signals received at each of the plurality of receiver units; 

means for reporting an information signal from each of the plurality 
18 of receiver units to the transmitter unit, wherein the information signal 
carries the set of transmission characteristics for at least one of the plurality 
20 of sub-channels; and 

means for optimizing a set of transmission parameters at the 
22 transmitter unit, based on the information signal. 
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19. A method for measuring and reporting channel state information 
2 (CSI) in a multiple input/ multiple output (MIMO) system, comprising the 

steps of: 

4 assigning a plurality of disjoint sub-channel sets to a plurality of 

transmit antexmas; 

6 transmitting a plurality of Orthogonal Frequency Division 

Multiplexed (OFDM) pilot signals from a transmitter unit to a plurality of 
8 receiver units, wherein each of the plurality of OFDM pilot signals is 
transmitted on at least one of the plurality of disjoint sub-channel sets; 
10 demodulating the plurality of OFDM pilot signals; 

determining the CSI of the plurality of disjoint sub-channel sets, 
12 wherein the step of determiriing the CSI uses the demodulated plurality of 
OFDM pilot signals; 

14 transmitting the CSI of the plurality of disjoint sub-channel sets to the 

transmitter unit; and 
16 preconditioning a transmission symboL 

20. The method of Claim 19, wherein the step of transmitting the CSI of 
2 Ihe plurality of disjoint sub-channel sets comprises the steps of: 

compressing the CSI into a reduced matrix; and 
4 transmitting a representation of the reduced matrix to the transmitter 

unit. 

21. The method of Claim 20, wherein the reduced matrix is a 
2 multiplication result from multiplying a channel response matrix and a 

complex-conjugate of the chaxmel response matrix, wherein the channel 
4 response matrix includes a plurality of the CSI gain values. 

22. The method of Claim 21, wherein the representation of the reduced 
2 matrix is an eigenmode matrix. 

22. The method of Claim 19, wherein the step of determining the CSI of 
2 the plurality of disjoint sub-channel sets further comprises the steps of: 
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determining whether a communications link has a number of 
4 multipath components that is less than a predefined threshold; and 

performing a inverse Fast Fourier Transform (IFFT) operation on a 
6 set of channel frequency responses of the communications link if the 
number of multipath components is less than the predefined threshold, 
8 wherein the result of the IFFT operation is channel state information to be 
transmitted to the transmitter tmit. 

23. A system for measuring and reporting charmel state information 
2 (CSI) in a multiple input/multiple output communication system, 

comprising: 

4 a processor at a base station for assigning a plurality of disjoint sub- 

charmel sets to a plurality of transmit antennas, for generating a plurality of 
6 pilot signals, for assigning each of the plurality of pilot signals to at least one 
of the pkirality of disjoint sub-channel sets, and for preconditioning 
8 transmission data; 

a modulator connected to the processor for receiving the plurality of 
10 pilot signals and modulating the plurality of pilot signals onto the plurality 
of assigned disjoint sub-channel sets, wherein the plurality of assigned 
12 disjoint sub-channel sets are transmitted by the plurality of transmit 
antermas; 

14 a demodulator at each of a plurality of receiver units for receiving 

data carried on the plurality of disjoint sub-charmel sets; and 

16 a processor connected to the demodulator at each of the plurality of 

receiver units for analyzing demodulated data, wherein ihe processor 

18 determines CSI from demodulated data and generates a CSI message for 
transmission to the base station, wherein the CSI message is used by the 

20 processor at the base station to precondition transmission data. 

24. The system of Claim 23, wherein the processor connected to the 
2 demodulator at each of the plurality of receiver units generates the CSI 

message for a subset of the plurality of disjoint sub-charmel sets. 



wo 01/76110 



PCT/USOl/09114 



55 

25. The system of Claim 23, wherein the processor at the base station 
2 generates a plurality of pilot signals that comprises a plurality of orthogonal 

sequences. 

26. The system of Claim 23, wherein the processor at the base station 
2 generates a plurality of pilot signals that comprises a plurality of periodic 

OFDM sjonbols. 

27. The system of Claim 23, wherein the processor at the base station 
2 generates a plurality of pilot signals that comprises a plurality of 

shifted Maximal-Length Shift Register sequences (m-sequences). 
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DATA ALLOCATION WITH VARIABLE SNR MARGINS 

Background of the Invention 

Field of the Invention 
[0001] This invention relates to communications technologies. In particular, this 
invention relates to multicarrier modulation systems having multiple margins. 

Description of Related Art 
[0002] Multicarrier modulation, or Discrete Multitone Modulation (DMT), is a 
transmission method that is widely used for communication over difficult media. 
Multicarrier modulation divides the transmission frequency band into multiple subchannels, 
i.e., carriers or bins, with each carrier individually modulating a bit or a collection of bits. 
A transmitter modulates an input data stream containing information bits with one or more 
carriers, i.e., bins or subchannels, and transmits the modulated information. A receiver 
demodulates all the carriers in order to recover the transmitted information bits as an output 
data stream. 

[0003] Multicarrier modulation has many advantages over single carrier modulation. 
These advantages include, for example, a higher immunity to impulse noise, a lower 
complexity equalization requirement in the presence of multipath, a higher immunity to 
narrow band interference, a higher data rate and bandwidth flexibility. Multicarrier 
modulation is being used in many applications to obtain these advantages, as well as for 
other reasons. These applications include Asymmetric Digital Subscriber Line (ADSL) 
systems, wireless LAN systems, power line communications systems, and other 
applications. ITU standards G.992.1 and G.992.2 and the ANSI T1.413 standard specify 
standard implementations for ADSL transceivers that use multicarrier modulation. 

[0004] Discrete multitone modulation transceivers modulate a number of bits on each 
subchannel, the number of bits depending on the Signal to Noise Ratio (SNR) of that 
subchannel and the Bit Error Rate (BER) requirement of a link. For example, if the 
required BER is 1 x 10"^, i.e., one bit in ten million is received in error on average, and the 
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SNR of a particular subchannel is 21.5 dB, then that subchannel can modulate 4 bits, since 
21.5 dB is the required SNR to transmit 4 QAM bits with a 1 x 10'^ BER. Other 
subchannels can have a different SNR and therefore may have a different number of bits 
allocated to them at the same BER. Additional information regarding bit loading can be 
found in copending U.S. Application Serial No. 09/510,773, incorporated herein by 
reference in its entirety, 

[0005] In many DMT systems, an additional parameter is used to determine the number 
of bits allocated to each subchannel. This parameter is called the SNR "margin," or simply 
the "margin." The margin specifies an extra SNR per subchannel, in addition to what is 
required to maintain the specified BER requirement. As an example, a DMT system with a 
6 dB margin would require a 21.5+6=27,5 dB SNR on a subcheuinel in order to transmit 4 
bits on that subchannel with a 1x10'^ BER. This is 6 dB more than required by the example 
in the previous paragraph because now a 6 dB margin is added to the system. Another way 
of looking at this is that in the example of the previous paragraph, where 4 bits were 
allocated to a subchannel with 21.5 dB SNR, the margin was 0 dB, 

[0006] DMT transceivers use a margin to increase the system's immunity to various 
types of time varying impairments. Examples of these impairments in DSL systems are: 
changes in the levels of crosstalk from other transmission systems, impulse noise, 
temperature changes in the telephone line, or the like. When a DMT system is operating 
with a positive SNR margin, the noise can change instantaneously by the level of the margin 
and the system will still maintain the required BER. For example, if the system is operating 
at a 6 dB margin, e.g., 4 bits are allocated to carriers with 27.5 dB SNR for BER=lxl0 ^ the 
crosstalk levels can increase by 6 dB and the system will still be operating at the required 
1x10"^ BER. Obviously the penalty for this increase in robustness is a decrease in the data 
rate, since with a 0 dB margin, a subchannel with 27.5 dB SNR can modulate 6 bits at 
1x10"^ BER. 

[0007] Therefore, there is a tradeoff between the robustness of the channel, such as a 
phone line, and the achievable data rate. The margin can be used to quantify this tradeoff. 
A higher margin results in a higher level of immunity to changing channel conditions at the 
expense of the achievable data rate. Likewise, a lower margin results in a higher data rate at 
the expense of a lower immunity to changing channel conditions. 
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[0008] Current DMT systems allocate a fixed margin to all subchannels. For example, 
ADSL systems typically use a 6 dB margin on all subchannels carrying data bits. This 6 dB 
margin is constant on all subchannels and is independent of the type of impairment that the 
margin is trying to protect against. 

SUMMARY OF THE INVENTION 
[0009] For simplicity of reference, the systems and methods of this invention will 
hereinafter refer to the transceivers, or multicarrier modems, generically as modems. One 
such modem is typically located at a customer premises such as a home or business and is 
"downstream" from a central office with which it communicates. The other modem is 
typically located at the central office and is "upstream" from the customer premises. 
Consistent with industry practice, the modems are often referred to as "ATU-R" ("ADSL 
transceiver unit, remote," i.e., located at the customer premises) and "ATU-C" ("ADSL 
transceiver unit, central office," i.e., located at the central office). Each modem includes a 
transmitter section for transmitting data and a receiver section for receiving data, and is of 
the discrete multitone type, i.e., the modem transmits data over a multiplicity of subchannels 
of limited bandwidth. Typically, the upstream or ATU-C modem transmits data to the 
downstream or ATU-R modem over a first set of subchannels, which are usually the higher- 
frequency subchannels, and receives data from the downstream or ATU-R modem over a 
second, usually smaller, set of subchannels, conmionly the lower-frequency subchannels. 

[0010] For example, in digital subscriber line (DSL) technology, communications over 
a local subscriber loop between a central office and a subscriber premises is accomplished 
by modulating the data to be transmitted onto a multiplicity of discrete frequency carriers 
which are summed together and then transmitted over a subscriber loop. Individually, the 
carriers form discrete, non-overlapping communication subchannels which are of a limited 
bandwidth. Collectively, the carriers form what is effectively a broadband conmiunications 
channel. At the receiver end, the carriers are demodulated and the data recovered. 

[0011] DSL systems experience disturbances from other data services on adjacent 
phone lines, such as, for example, ADSL, HDSL, ISDN, Tl, or the like. Additionally, DSL 
systems may experience disturbances from impulse noise, crosstalk, temperature changes, 
or the like. These disturbances may commence after the subject DSL service is already 
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initiated and, since DSL for Internet access in envisioned as a always-on service, the affects 
of these disturbances should be considered by the subject DSL transceiver. Additionally, the 
length of the phone line is a type of impairment that varies from one ADSL subscriber to 
another, i.e. from one ADSL installation to another, and therefore has an effect on the 
ADSL modem performance. 

[0012] The systems and methods of this invention allow the margin in a discrete 
multitone modulation system to vary depending on a type of impairment. For example, this 
impairment can be changing over some duration or from one installation to another. Thus, 
different margins can be assigned to one or more of the carriers in a discrete multitone 
modulation communication system. 

[00131 As noted above, there is a tradeoff between the robustness of the link and the 
achievable data rate. By setting a higher margin, a higher level of immunity to changing 
channel conditions is achieved at the expense of the data rate. Similarly, while a lower 
margin may result in a higher data rate, the inmiunity to changing channel conditions is 
reduced. 

[0014] However, setting the margin equally for all subchannels at least fedls to account 
for impairments that change over time and how the impairments may have different effects 
on subchannels at different frequencies. For example, temperature changes and line length 
effect different frequencies with differing degrees of interference. 

[0015] Aspects of the present invention relate to a communications system having a 
plurality of margins. 

[0016] Aspects of the present invention also relates to a method.of assigning a plurality 
of margins to a conmiunications system. 

[0017] Aspects of this present invention additionally relate to multicarrier modulation 
systems and methods for different margins to be assigned to different subchannels to 
account for varying impairments. 

[0018] These and other features and advantages of this invention are described in, or are 
apparent from, the following detailed description of the embodiments. 
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BRIEF DESCRIPTION OF THE DRAWINGS 
[0019] The embodiments of the invention will be described in detail, with reference to 
the following figures wherein: 

[0020] Fig. 1 is a functional block diagram illustrating an exemplary modem according 
to this invention; and 

[0021] Fig. 2 is a flowchart outlining an exemplary method for assigning margins 
according to this invention. 

DETAILED DESCRIPTION OF THE INVENTION 
[0022] In an exemplary embodiment of the invention, the margin is set to be different 
on at least two subchannels in a discrete multitone modulation system. In this exemplary 
embodiment, subchannels which are expected to incur greater variations in impairment 
levels are set to have a higher margin, whereas subchannels which are expected to incur 
lower variations in impairment levels are set to have lower margins. As an example of this 
embodiment, consider an ADSL transmission system transmitting data over telephone wires 
and consider the case where the impairment is changing channel conditions due to 
temperature fluctuations. Since telephone wire is typically made out of copper, the 
attenuation, i.e., the insertion loss, characteristics will depend on the temperature of the 
wire. As the temperature of the wire increases, the attenuation, i.e., the insertion loss, will 
increase. Furthermore, the insertion loss also varies with frequency as the temperature 
changes. Therefore, as the temperature increases, in addition to an overall increase in 
insertion loss, the insertion loss at the higher frequencies increases more than the insertion 
loss at the lower frequencies. Table 1 shows a correlation of frequency versus insertion loss 
of an exemplary 13,500 ft. 26 AWG line at various frequencies for 70°F and 120°F. 
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Frequency (kHz 


) 




20 


40 


100 


200 


260 


300 


400 


500 


600 


780 


1100 


Insertion loss 
(dB) 

at 70" F 


29.8 


36.7 


45.2 


52.8 


57.3 


60.2 


67.7 


74.8 


81.7 


93.0 


110 


Insertion loss 
(dB) 
at 120° F 


31.9 


39.6 


49.4 


57.4 


61.8 


64.8 


72.3 


79.3 


86.1 


97.9 


116 



TABLE 1: Insertion loss of 13500 ft 26 AWG line versus frequency at 70F and 120F 



[0023] From Table 1, it is apparent that the difference in insertion loss from 120T to 
70T is 2.1 dB at 20 kHz, whereas the difference in insertion loss from 120T to 70T is 6 dB 
at 11 00 kHz. For this exemplary embodiment, a higher margin could be allocated to 
carriers at higher frequencies and a lower margin allocated to carriers at lower frequencies. 
For example, the carrier at 20 kHz will only need a 2.1 dB margin, because even if the 
temperature changes from TO^'F to 120°F, the insertion loss will only change by 2.1 dB and, 
as a result, the system bit error rate requirement can still be met after the temperature 
change. Similarly, the carrier at 1 100 kHz will need a 6 dB margin, since as the 
temperature changes from 70°F to 120°F, the insertion loss will change by 6 dB and, as a 
result, the system bit error rate requirement will still be satisfied even after the temperature 
change. 

[0024] However, it is to be appreciated that the margin is not allocated to each 
subchannel in a fixed manner, but rather varies based on the expected change in 
impairments over time or as impairments vary from one DSL installation to another. 
However, that does not preclude the possibility that different subchannels can have the same 
margin assigned to them. For example, a subchannel may have a certain margin assigned 
based on a particular impairment, while another subchannel may have the same margin 
assigned based on another impairment. These impairments can include, but are not limited 
to, changes in the levels of crosstalk from other transmission systems, impulse noise, 
temperature changes, line length, radio frequency interference and other ingress, or the like. 
As a result, for example, since certain subchannels are not overly burdened with a common 
margin, the overall data rate of the systena can be increased without sacrificing the 
robustness of the system. 
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[0025] For example, and with reference to Table 1, by lowering the margin of the lower 
carriers from 6 dB to 2.1 dB, the channel data rate has increased. This increase can occur 
without a loss of the immunity to temperature variations on the line since the lower 
frequencies are less susceptible to temperature changes than the higher frequencies. In 
general, the systems and methods of this invention can be adapted to set a margin for any 
impairment that varies over time, or is installation based, and may, for example, effect 
different frequencies in different ways. 

[0026] As another example, consider crosstalk from another transmission system. If the 
crosstalking transmission system is known to use only a portion of the frequency spectrum 
utilized by the discrete multitone modulation system, then the margins c£in be decreased on 
the carriers that are known to be outside the frequency spectrum of the crosstalking system. 
For example, ISDN systems are an example of a crosstalk source for ADSL systems. ISDN 
systems typically transmit only up to approximately 150 kHz. Thus, for example, 
employing the teachings of this invention, carriers above 150 kHz can operate at lower 
margins than carriers below 150 kHz where the ISDN crosstalk is present. 

[0027] As another example, the margin in an ADSL system can be varied depending on 
the length of the telephone wire. Table 2 shows a relationship of insertion loss of an 
exemplary 9000 ft. 26 AWG line at frequencies for 70T and 120*'F. 



Frequency (kHz) 




20 


40 


100 


200 


260 


300 


400 


500 


600 


780 


1100 


Insertion loss 
(dB) 
at 70" F 


20.0 


24.4 


30.1 


35.2 


38.2 


40.2 


45.1 


49.9 


54.4 


62.0 


73.6 


Insertion loss 
(dB) 
at 120" F 


21.4 


26.3 


32,8 


38.2 


4L2 


43.2 


48.2 


52.9 


57.4 


65.3 


77.5 



TABLE 2: Insertion loss of 9000 ft 26 AWG line versus frequency at 70F and 120F 



[0028] Comparing Table 1 and Table 2, it is apparent that an increase in insertion loss 
as temperature increases depends on the length of the telephone line as well. Thus, on the 
exemplary 9,000 ft. phone line, a 50®F temperature change results in an average of only 2.8 
dB increase in insertion loss. On the 13,500 ft, phone line, a SOT temperature change 
resulted in an average of 4.3 dB increase in insertion loss. For this illustrative example, the 
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margin on the subchannels is varied depending on the length of the phone line. As an 
example, if the phone line is shorter, e.g., 9,000 ft., the average margin can be decreased on 
the subchannels by 4.3-2,8=1.5 dB as compared to a longer 13,500 ft. loop without 
sacrificing immunity to temperature changes on the phone line. This is possible because a 
shorter phone line will not experience as much of a change in insertion loss due to 
temperature changes as a longer phone line. 

[0029] For this illustrative example, the margin allocated to different subchannels takes 
into account information about the length of the telephone line. As an example, the 
insertion loss difference from 70T to 120T at 20 kHz is 2.1 dB for the 13,500 ft. line. On 
the other hand, the insertion loss difference from 70**F to 120°F at 20 kHz is 1.4 dB for the 
9,000 ft. line. Therefore, for this exemplary situation, a margin of 2.1 dB would be 
allocated to the carrier at 20 kHz on a 13,500 ft. line whereas a margin of 1.4 dB would be 
allocated to the carrier at 20 kHz on the 9,000 ft. line. The immunity to temperature 
variations on the line would be the same for both the systems operating at 9,000 ft. and 
13,500 ft. As a result, the overall system data rate can be increased on shorter lines without 
sacrificing a loss in robustness. 

[0030] Fig. 1 illustrates an exemplary embodiment of a multicarrier modem 100. In 
particular, the multicarrier modem 100 comprises a controller 10, a memory 20, a discrete 
multitone modulation system 30, a data rate determiner 40, a signal to noise ratio determiner 
50, a margin determiner 60 and a margin storage 70, all interconnected by link 5. The 
multicarrier modem 100 is also connected to one or more computer or computer-type 
devices 80 and additional modems (not shown) via communications link 10. For ease of 
illustration, the multicarrier modem 100 has been illustrated in block diagram format with 
only the components needed for the exemplary embodiment of this invention. Additional 
information and further discussion of the operation and structure of an exemplary 
multicarrier modem can be found in copending U.S. Patent Application Serial No. 
09/485,614 entitled "Splitterless Multicarrier Modem," incorporated herein by reference in 
its entirety. 

[0031] While the exemplary embodiment illustrated in Fig. 1 shows the multicarrier 
modem 100 and various components collocated, it is to be appreciated that the various 
components of the multicarrier modem can be rearranged and located in whole or in part at 
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an ATU-R and/or ATU-C. Furthermore, it is to be appreciated, that the components of the 
multicarrier modem 100 can be located at various locations within a distributed network, 
such as a POTS network, or other comparable telecommunications network. Thus, it should 
be appreciated, that the components of the multicarrier modem 100 can be combined into 
one device or distributed amongst a plurality of devices. As will be appreciated from the 
following description, and for reasons of computational efficiency, the components of the 
multicarrier modem can be arranged at any location within a telecommunications network 
and/or modem without affecting the operation of the system. 

[0032] The links 5 and 10 can be a wired or a wireless link or any other known or later 
developed element(s) that is capable of supplying and communicating electronic data to and 
from the connected elements. Additionally, the computer device 80, can be, for example, a 
personal computer or other device. In general, the computer device 80 can be any device 
that uses a modem to transmit and/or receive data. 

[0033] In operation, the multicarrier modem 100 is installed, for example, in a customer 
premises or in a central office. During this installation, certain fixed quantities such as line 
length are known and can be stored in the multicarrier modem 100. During an initial 
installation, or at any subsequent time for which a redetermination in margins is appropriate, 
for example, based on an increased bit error rate, changes in the signal to noise ratio, 
seasonal changes, or the like, the controller 10, in cooperation with the memory 20, the 
discrete multitone modulation system 30 and the margin determiner 60 can determine and 
store margins. For example, as illustrated above in exemplary Tables 1 and 2, margins can 
be determined for temperature fluctuations and the length of the wire line based on, for 
example, the actual installation and historical data. Furthermore, routines can be established 
by the margin determiner 60 to evaluate and compile statistical information relating to one 
or more czuriers. For example, this statistical information can be compiled during modem 
idle times in response to impairments seen on the one or more carriers. This statistical 
information can then be used to determine appropriate margins for one or more carriers. 

[0034] Alternatively the modem may measure the noise on the line during idle times 
and determine that a particular type of crosstalker, e.g., another ADSL or HDSL modem, is 
present. Since the spectral content of these types of crosstalkers are known, this information 
can be used to determine the margin. For example, if the crosstalker is an ATU-R ADSL 
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modem then it is known that ATU-R ADSL modems transmit approximately in the 20-130 
kHz range. This information can be used to determine the margin for the carriers in the 20- 
130 kHz frequency range. 

[0035] Alternatively, a predetermined set of margins, for example, for known 
impairments, can be downloaded from, for example, a central office modem or other 
location within a communications network. The determined and/or downloaded margins 
are then stored in the margin storage 70. Similarly, groups of margins can be stored based 
on, for example, geographic information, seasonal information, line length information, or 
the like. 

[0036] During training of the multicarrier modem 100, the SNR determiner 50, in 
cooperation with the controller 10, the memory 20, and the DMT system 30, determines the 
signal to noise ratio of the carriers. Knowing the signal to noise ratio of the carriers, the 
data rate determiner 40 determines the raw data rate of the carriers based on the signal to 
noise ratio and the bit error rate. This raw data rate reflects the data rate of carriers with no 
margin. 

[0037] Generally, the bit error rate is set in advance, for example, by the manufacturer. 
Additionally, the data rate is generally governed by a range that is, for example, guaranteed 
as a maximum, by a DSL provider. Therefore, based on the set bit error rate, the signal to 
noise ratio for a known quantity of bits can be determined. 

[0038] Knowing the signal to noise ratio, the margins for the carriers can be set, for 
example, based on one or more, or a combination of, entered criteria or determined criteria. 
For example, an entered criteria can be based on the loop length. A determined criteria can 
be, for example, based on standard temperature variance information that can, for example, 
be downloaded from the service provider. Alternatively, for example, the margins can be 
set based on historical data that relates to, for example, impairments on the line. In general, 
the margins can be set such that a balance between the data rate and the impairment 
immunity is maximized. 

[0039] Having retrieved the margins for one or more of the carriers, the margins are set 
in the DMT system 30. The margins can then be subtracted from the carrier to determine an 
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updated data rate for each carrier. Having set the margins, and knowing the data rate, the 
DMT system can then commence coimnunication over the communications link 10. 

[0040] Fig. 2 illustrates an exemplary method of assigning margins to carriers according 
to an exemplary embodiment of this invention. In particular, control begins in step SI 00 
and continues to step SI 10. In step SI 10, a determination is made whether margins are to 
be determined. If margins are to be determined, control continues to step SI 20. Otherwise, 
control j umps to step S 1 30. 

[0041] In step SI 20, the margins are determined and stored. Control then continues to 
step SI 30. 

[0042] In step S 1 30, the signal to noise ratio of the carriers are determined. Next, in 
step S140, the raw data rate of the carriers is determined based on the signal to noise ratio 
and the bit error rate. Next, in step S150, the margins for the carriers are retrieved. Control 
then continues to step S160. 

[0043] In step SI 60, the margins for the carriers are set. Next, in step S170, the margins 
are subtracted from the carriers to determine an updated data rate for each carrier. Control 
then continues to step SI 80. 

[0044] In step SI 80, communications commence. Control then continues to step SI 90 
where the control sequence ends. 

[0045] However, it is to be appreciated that the steps in Fig. 2 need not occur in the 
order illustrated. For example, at any point in time there could be an option to re-determine 
the margins. Similarly, based on, for example, the time of the day, day, location, error rate, 
service provider directive, a change in the quality of service requirement, or the like, the 
margins could be adjusted. Alternatively, at any time, updated margins could be 
downloaded and stored in the margin storage. Alternatively, if it known that margins will 
be incorporated in the determination of the data rate, step S140 could be bypassed since it is 
known that the raw data rate will not be used. 

[0046] Furthermore, the systems and methods of this invention can also apply to any 
multicarrier modulation based communication system including wireless LANs, such as 
wireless LAN 802.11 and ETSI Hyperlan standards, wireless access systems, home and 
access power-line communication systems, or the like. 
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[0047] As illustrated in Fig. 1, the multicarrier modem and related components can be 
implemented either on a DSL modem, or a separate program general purpose computer 
having a communications device. However, the multicarrier modem can also be 
implemented in a special purpose computer, a programmed microprocessor or 
microcontroller and peripheral integrated circuit element, and ASIC or other integrated 
circuit, a digital signal processor, a hardwired or electronic or logic circuit such as a discrete 
element circuit, a programmable logic device such as a PLD, PLA, FPGA, PAL, or the like, 
and associated communications equipment. In general, any device capable of implementing 
a finite state machine that is in turn capable of implementing the flowchart illustrated in Fig, 
2 can be used to implement the multicarrier modem 100 according to this invention. 

[0048] Furthermore, a disclosed method may be readily implemented in software using 
object or object-oriented software development environment that provides portable source 
code that can be used on a variety of computers, workstations, or modem hardware 
platforms. Alternatively, the disclosed modem may be implemented partially or fully in 
hardware using standard logic circuits or a VLSI design. Other software or hardware can be 
used to implement the systems in accordance with this invention depending on the speed 
and/or efficiency requirements of the systems, the particular function, and the particular 
software or hcU'dware systems or microprocessor or microcomputer systems being utilized. 
The multicarrier modem illustrated herein, however, can be readily implemented in 
hardware and/or software using any known or later developed systems or structures, devices 
and/or software by those of ordinary skill in the applicable art from the functional 
description provided herein and with a general basic knowledge of the computer and 
telecommunications arts. 

[0049] Moreover, the disclosed methods can be readily implemented as software 
executed on a programmed general purpose computer, a special purpose computer, a 
microprocessor and associated communications equipment, or the like. In these instances, 
the methods and systems of this invention can be implemented as a program embedded on a 
modem, such as a DSL modem, or the like. The multicarrier modem can also be 
implemented by physically incorporating the system and method in a software and/or 
hardware system, such as a hardware and software system of a modem, such as an ADSL 
modem, or the like. 
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[0050] It is, therefore, apparent that there has been provided in accordance with the 
present invention, systems and methods for assigning margins to carriers. While this 
invention has been described in conjunction with a number of embodiments, it is evident 
that many alternatives, modifications and variations would be or are apparent to those of 
ordinary skill in the applicable art. Accordingly, Applicants intend to embrace all such 
alternatives, modifications, equivalents and variations that are within the spirit and the 
scope of this invention. 
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What is Claimed is: 

1 . A multicarrier modulation communication system comprising: 
a plurality of subchannels; and 

a plurality of margins. 

2. The system of claim 1, wherein the plurality of margins are based on at least 
one of changes in the levels of a crosstalk, impulse noise, temperature changes, wire line 
length, radio frequency interference, a bit error rate, a signal to noise ratio, a seasonal 
change, statistical information, time information, day information and data rate information. 

3. The system of claim 1, wherein the plurality of margins are at least one of an 
average margin and a subchannel specific margin. 

4. The system of claim 3, wherein the average margin is applied equally to a 
portion of the plurality of subchannels. 

5. The system of claim 1, further comprising a margin determiner that 
determines at least one margin. 

6. The system of claim 1, further comprising a margin storage device that stores 
at least one margin. 

7. A multicarrier modulation communication system comprising: 
a plurality of subchannels; and 

a plurality of margins, wherein one of the plurality of margins is assigned to 
at least one of the plurality of subchannels. 

8. The system of claim 7, wherein the plurality of margins are based on at least 
one of changes in the levels of a crosstalk, impulse noise, temperature changes, wire line 
length, radio frequency interference, a bit error rate, a signal to noise ratio, a seasonal 
change, statistical information, time information, day information and data rate information. 

9. The system of claim 7, wherein the plurality of margins are at least one of an 
average margin and a subchannel specific margin. 

10. The system of claim 9, wherein the average margin is applied equally to a 
portion of the plurality of subchannels. 

11. The system of claim 7, further comprising a margin determiner that 
determines at least one margin. 
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12. The system of claim 7, further comprising a margin storage device that stores 
at least one margin. 

13. A multicarrier modulation conmiunication system communicating on a wire 
line over a plurality of subchannels, wherein at least one margin based on a length of the 
wire line is assigned to at least one of the plurality of subchannels. 

14. The system of claim 13, wherein the at least one margin is based on at least 
one of changes in the levels of a crosstalk, impulse noise, temperature changes, radio 
frequency interference, a bit error rate, a signal to noise ratio, a seasonal change, statistical 
information, time information, day information and data rate information. 

15. The system of claim 13, wherein the at least one margin is based on at least 
one of an average margin and a subchannel specific margin. 

16. The system of claim 15, wherein the average margin is applied equally to a 
portion of the plurality of subchannels. 

17. The system of claim 13, further comprising a margin determiner that 
determines at least one margin. 

18. The system of claim 13, further comprising a margin storage device that 
stores at least one margin. 

19. A multicarrier modulation communication system having a plurality of 
subchannels, wherein at least two subchannels have a different margin. 

20. The system of claim 19, wherein the margin is based on at least one of 
changes in the levels of a crosstalk, impulse noise, temperature changes, wire line length, 
radio frequency interference, a bit error rate, a signal to noise ratio, a seasonal change, 
statistical information, time information, day information and data rate information. 

21. The system of claim 19, wherein the margins are at least one of an average 
margin and a subchannel specific margin. 

22. The system of claim 21, wherein the average margin is applied equally to a 
portion of the at least two subchannels. 

23. An information storage media comprising margin information for a 
mulitcarrier modulation system having a plurality of subchannels, wherein at least two 
subchannels have a different margin. 
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24. A method of enhancing multicarrier modulation communication over a 
plurality of subchannels comprising communicating over the plurality of subchannels using 
at least two different margins. 

25. The method of claim 24, wherein the at least two margins are based on at 
least one of changes in the levels of a crosstalk, impulse noise, temperature changes, wire 
line length, radio frequency interference, a bit error rate, a signal to noise ratio, a seasonal 
change, statistical information, time information, day information and data rate information. 

26. The method of claim 24, wherein the at least two margins are at least one of 
an average margin and a subchannel specific margin. 

27. The method of claim 26, wherein the average margin is applied equally to a 
portion of the plurality of subchannels. 

28. The method of claim 24, further comprising determining at least one margin. 

29. The method of claim 24, further comprising storing at least one margin. 

30. A method for multicarrier modulation communication over a plurality of 
subchannels comprising: 

selecting a first number of the subchannels; 

assigning a first margin to the first number of the subchannels; 

selecting a second number of the subchannels; and 

assigning a second margin to the second number of subchannels, wherein the 
first margin and the second margin are different. 

31. The method of claim 30, wherein the margins are based on at least one of 
changes in the levels of a crosstalk, impulse noise, temperature changes, wire line length, 
radio frequency interference, a bit error rate, a signal to noise ratio, a seasonal change, 
statistical information, time information, day information and data rate information. 

32. The method of claim 30, wherein the margins are at least one of an average 
margin and a subchannel specific margin. 

33. The method of claim 32 wherein the average margin is applied equally to a 
portion of either the first or second number of subchannels. 

34. The method of claim 30, further comprising a margin determiner that 
determines at least one margin. 

35. The method of claim 30, further comprising a margin storage device that 
stores at least one margin. 
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36. A method for multicarrier modulation communication over a wire line using 
a plurality of subchannels, wherein at least one margin based on a length of the wire line is 
assigned to at least one of the plurality of subchannels. 

37. The method of claim 36, wherein the at least one margin is based on at least 
one of changes in the levels of a crosstalk, impulse noise, temperature changes, radio 
frequency interference, a bit error rate, a signal to noise ratio, a seasonal change, statistical 
information, time information, day information and data rate information. 

38. The method of claim 36, wherein the at least one margin is at least one of an 
average margin and a subchannel specific margin, 

39. The method of claim 38, wherein the average margin is applied equally to a 
portion of the plurality of subchannels. 

40. The method of claim 36, further comprising a margin determiner that 
determines at least one margin. 

41. The method of claim 36, further comprising a margin storage device that 
stores at least one margin. 

42. A method for communicating in a multicarrier modulation conununications 
environment having at least two subchannels, wherein at least two of the at least two 
subchannels have a different margin. 

43. The method of claim 42, wherein the margins are based on at least one of 
changes in the levels of a crosstalk, impulse noise, temperature changes, wire line length, 
radio frequency interference, a bit error rate, a signal to noise ratio, a seasonal change, 
statistical information, time information, day information and data rate information. 

44 The method of claim 42, wherein the margins are at least one of an average 
margin and a subchannel specific margin. 

45. The method of claim 42, wherein the average margin is applied equally to a 
portion of the at least two subchannels. 
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METHOD ItND SYSTEM FOR MODE ADAPTATION 
IN WIRELESS COMMUNICATION 

FIELD OF THE INVENTION 

The present invention relates generally to wireless 
coinmunication systems and methods, and more particularly to 
mode adaptation including selection of transmit antennas in 
transmit units employing multiple antennas for spatial 
multiplexing . 

BACKGROUND OF THE INVENTION 

Wireless communication systems serving stationary and 
mobile wireless subscribers are rapidly gaining popularity. 
Numerous system layouts and communications protocols have 
been developed to provide coverage in such wireless 
communication systems . 

Wireless communications channels between transmit and 
receive devices are inherently variable and their quality 
fluctuates. Specifically, the quality parameters of such 
communications channels vary in time. Under good 

conditions wireless channels exhibit good communication 
parameters, e.g.^ large data capacity, high signal quality, 
high spectral efficiency and throughput. At these times 
significant amounts of data can be transmitted via the 
channel reliably. However, as the channel changes in time, 
the communication parameters also change. Under altered 
conditions former data rates, coding techniques and data 
formats may no longer be feasible. For example, when 
channel performance is degraded the transmitted data may 
experience excessive corruption yielding unacceptable 
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coininunication parameters. For instance^ transmitted data 
can exhibit excessive bit-error rates or packet error 
rates. The degradation of the channel can be due to a 
multitude of factors such as general noise in the channel 
multi-path fading, loss of line-of-sight path, excessive 
Co-Channel Interference (CCI) and other factors. 

By reducing CCI the carrier-to-interference (C/I) ratio can 
be improved and the spectral efficiency increased. 
Specifically, improved C/I ratio yields higher per link bit 
rates, enables more aggressive frequency re-use structures 
and increases the coverage of the system. 

It is also known in the communication art that transmit 
units and receive units equipped with antenna arrays, 
rather than single antennas, can improve receiver 
performance. Antenna arrays can both reduce multipath 
fading of the desired signal and suppress interfering 
signals or CCI. Such arrays can consequently increase both 
the range and capacity of wireless systems. This is true 
for wireless cellular telephone and other mobile systems as 
well as Fixed Wireless Access (FWA) systems. 

In mobile systems, a variety of factors cause signal 
degradation and corruption. These include interference 
from other cellular users within or near a given cell. 
Another source of signal degradation is multipath fading, 
in which the received amplitude and phase of a signal 
varies over time. The fading rate can reach as much as 200 
Hz for a mobile user traveling at 60 mph at PCS frequencies 
of about 1.9 GHz. In such environments, the problem is to 
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cleanly extract the signal of the user being tracked from 
the collection of received noise, CCI, and desired signal 
portions summed at the antennas of the array. 

In FWA systems^ e.g., where the receiver remains 
stationary, signal fading rate is less than in mobile 
systems- In this case, the channel coherence time or the 
time during which the channel estimate remains stable is 
longer since the receiver does not move. Still, over time, 
channel coherence will be lost in FWA systems as well. 

Antenna arrays enable the system designer to increase the 
total received signal power, which makes the extraction of 
the desired signal easier. Signal recovery techniques 
using adaptive antenna arrays are described in detail, 
e.g., in the handbook of Theodore S. Rappaport, Smart 
Antennas^ Adaptiy^e Arrays^ Algorithms^ & Wireless Position 
Location; and Paulra j , A.J. et al., "Space-Time Processing 
for Wireless Communications", IEEE Signal Processing 
Magazine, Nov. 1997, pp. 49-83. 

Prior art wireless systems have employed adaptive 
modulation of the transmitted signals with the use of 
feedback from the receiver as well as adaptive coding and 
receiver feedback to adapt data transmission to changing 
channel conditions. However, effective maximization of 
channel capacity with multiple transmit and receive 
antennas is not possible only with adaptive modulation 
and/or coding. 
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In U.S. Pat. Nos. 5,592, 490 to Barratt et al . , 5, 828, 658 to 
Ottersten et al,, and 5,642,353 Roy III, teach about 
spectrally efficient high capacity wireless cominunication 
systems using multiple antennas at the transmitter; here a 
Base Transceiver Station (BTS) for Space Division Multiple 
Access (SOMA) . In these systems the users or receive units 
have to be sufficiently separated in space and the BTS uses 
its transmit antennas to form a beam directed towards each 
receive unit . The transmitter needs to know the channel 
state information such as "spatial signatures" prior to 
transmission in order to form the beams correctly. In this 
case spatial multiplexing means that data streams are 
transmitted simultaneously to multiple users who are 
sufficiently spatially separated. 

The disadvantage of the beam-forming method taught by 
Barratt et al,, Ottersten et al., and Roy III is that the 
users have to be spatially well separated and that their 
spatial signatures have to be known. Also, the channel 
information has to be available to the transmit unit ahead 
of time and the varying channel conditions are not 
effectively taken into account. Finally, the beams formed 
transmit only one stream of data to each user and thus do 
not take full advantage of times when a particular channel 
may exhibit very good communication parameters and have a 
higher data capacity for transmitting more data or better 
signal-to-noise ratio enabling transmission of data 
formatted with a less robust coding scheme. 

U.S. Pat. No. 5, 687,194 to Paneth et al. describes a Time 
Division Multiple Access (TDMA) communication system using 



4 



wo 02/03557 



PCT/USOl/11309 



multiple antennas for diversity. The proposed system 
exploits the concept of adaptive transmit power and 
modulation. The power and modulation levels are selected 
according to a signal quality indicator fed back to the 
transmitter. 

Addressing the same problems as Paneth et al . U.S. Pat. 
No. 5, 914,. 94 6 to Avidor et al. teaches a system with 
adaptive antenna beams. The beams are adjusted dynamically 
as the channel changes. Specifically, the beams are 
adjusted as a function of a received signal indicator in 
order to maximize signal quality and reduce the system 
interference . 

The prior art also teaches using multiple antennas to 
improve reception by transmitting the same information, 
i.e., the same data stream from all antennas. 
Alternatively, the prior art also teaches that transmission 
capacity can be increased by transmitting a different data 
stream from each antenna. For more information about 
capacity increases achievable by transmitting different 
data streams from different antennas the reader is referred 
to U.S. Pat. No. 5,345,599 to Paulra j , A.J. et al,, and to 
Foschini, G.J., "Layered Space-Time Architecture for 
Wireless Communication in a Fading Environment when Using 
Multi-Element Antennas", Bell Labs Technical Journal, 
Autumn 1996. These two approaches are commonly referred to 
as antenna diversity schemes and spatial multiplexing 
schemes. 
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Adaptive modulation and/or coding in multiple antenna 
systems involve mapping of data converted into appropriate 
symbols to the antennas of the transmit antenna array for 
transmission. In the case of spatial multiplexing there 
can be no coordination between transmitters, since the 
transmit antennas can belong to separate base stations or 
mobiles rather than to a single antenna array. Prior art 
systems do not teach rules suitable for determining antenna 
mappings;- or, more precisely, antenna selection for varying 
channel conditions in the spatial multiplexing mode. 
Development of rules for selecting antennas in the spatial 
multiplexing mode would represent a significant advance in 
the art. 



SUMMZ\RY 

The present invention provides a method for selecting 
antennas for transmitting data over a channel by employing 
spatial multiplexing, i.e., by transmitting different data 
streams from different antennas. The method is applicable 
in communications systems with a transmit unit having 
multiple transmit antennas or multiple transmit units, 
e.g., multiple transceiver stations, and a receive unit 
having multiple receive antennas . The first step of the 
method involves determining a channel descriptor. In one 
embodiment the descriptor is a channel matrix H. In 
another embodiment, where the channel is subject to time 

delay spread, the descriptor is a channel matrix filter H. 
The channel descriptor has sub-descriptors corresponding to 
the transmit antennas. Specifically, channel matrix H has 
sub-descriptors in the form of sub-matrices hi corresponding 
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to the transmit antennas. Channel matrix filter H has sub- 
descriptors in the form of sub-matrix filters hj. also 
corresponding to the transmit antennas. 

The method then calls for choosing a quality parameter and 
a threshold for the quality parameter. In the next steps ^ 
a sLib-descriptor which does not meet the threshold is 
identified and the antenna from among the transmit antennas 
associated with the sub-descriptor is deactivated. 

The quality parameter used in the method can be selected 
from among signal-to-interference and noise ratio^ signal- 
to-noise ratio and power level. The threshold is typically 
a minimum acceptable value of the quality parameter. This 
threshold can be re-set or adjusted and the steps of 
identifying another sub-descriptor or set of sub- 
descriptors not meeting the threshold can be repeated. The 
corresponding transmit antennas are then deactivated- 

In case the spatial multiplexed communication is of the 
type employing a number of sub-carrier tones rather than 
just one carrier frequency^ the sub-descriptors are 
associated ^ith an average value of the quality parameter. 
In particular;, the average value is the average of the 
quality parameter over the sub-carrier tones . It is then 
this average value of the quality parameter which is 
compared with the threshold to determined whether the 
threshold is met. 
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In one einbodiment of the method, the sub-matrix hj is 
removed from the channel matrix H to obtain a subset 
channel matrix H' . The remaining sub-matrices hi can be 
rearranged after removal of hj . In particular, the 
remaining sub-matrices h can be ordered in accordance with 
the threshold, i.e., in descending order startj^ng with the 
sub-matrix h^ which exceeds the threshold the most or has 
the best quality parameter. 

The data transmitted is typically coded and modulated in 
accordance with a selected mode. The mode is characterized 
by a coding rate and a modulation. The setting of the 

threshold can be based on the selected mode and the 
selected mode can be based on the quality parameter. 

The receive unit can employ any receiver such as a maximum 
likelihood receiver, a zero forcing equalizer receiver, a 
successive cancellation receiver, a minimum mean square 
error equalizer (MMSE) receiver. 

In another embodiment, a set of sub-descriptors, i.e., a 
set of sub-matrices h± or set of sub-matrix filters hi is 
identified and transmit unit antennas associated with that 

set are all deactivated at one time, rather than one by 
one. This method can be applied in steps as well. A set 
of antennas or a single antenna not meeting the assigned 
threshold can be deactivated in each step. 

In still another embodiment, the transmit antennas belong 
to separate transmit units, e.g., to different base 
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stations. In this case the sub-matrix hj can represent the 
base station transceiver which is to be deactivated to 
improve the quality parameter at the receive unit. 

Systems of the invention can be used for spatial 
multiplexed communications between transmit units with 
multiple antennas and receive units with multiple antennas, 
or between separate transceivers, e-g-r base stations, and 
receive units with multiple antennas. The receive unit has 
a channel estimation block for determining channel 
descriptor, a mode selection block for receiving the 
quality parameter, assigning a threshold to the quality 
parameter, and identifying among the sub-descriptors of the 
channel descriptor at least one sub-descriptor not meeting 
the threshold- The receive unit has a feedback unit for 
sending feedback related to the at least one sub-descriptor 
to the transmit unit or, as the case may be, to the base 
stations . 

In case the transmit unit has an antenna array, a 
controller at the transmit unit receives the feedback and 
deactivates the corresponding transmit antennas- In case 
the transmit antennas belong to separate transceivers, a 
common controller or separate control units can be used to 
receive the feedback and deactivate the corresponding 
transceivers or their antennas. 

The method of the invention can be employed in multi-tone 
communications using a number of sub-carrier tones for 
transmitting data from each transmit antenna. 
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A detailed description of the invention and the preferred 
and alternative embodiments is presented below in reference 
to the attached drawing figures. 

BRIEF DESCRIPTION OF THE FIGURES 

Fig. 1 is a simplified diagram illustrating a 

communication system in which the method of the 

invention is applied. 
Fig. 2 is a simplified block diagram illustrating the 

transmit and receive units according to the 

invention. 

Fig. 3 is a block diagram of an exemplary transmit unit 

in accordance with the invention. 
Fig. 4 is a block diagram of a spatial multiplexing 

block of the transmit unit of Fig. 3. 
Fig. 5 is a block diagram of exemplary receive unit in 

accordance with the invention. 
Fig. 6. is a schematic illustrating the operations 

performed on the channel matrix H. 
Fig. 7 is a block diagram of a mode selection block of 

the receive unit of Fig. 5. 
Fig. 8 is an exemplary flow chart of the method of the 

invention . 

Fig. 9 is a diagram of another embodiment of the 
invention. 

DETAILED DESCRIPTION 

The method and wireless systems of the invention will be 
best understood after first considering the high-level 
diagrams of Figs. 1 and 2. Fig. 1 illustrates a portion of 
a wireless communication system 10, e.g.;. a cellular 
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wireless system. For explanation purposes;, the downlink 
conamunication will be considered where a transmit unit 12 
is a Base Transceiver Station (BTS) and a receive unit 14 
is a mobile or stationary wireless user device. Exemplary 
user devices include mobile receive units 14B^ 14C 

which are portable telephones and car phones and a 
stationary receive unit 140;. which can be a wireless modem 
unit used at a residence or any other fixed wireless unit. 
Of course^ the same method can be used in uplink 
communication from wireless units 14 to BTS 12. 

BTS 12 has an antenna array 16 consisting of a number of 
transmit antennas 18A;. ISB^. • - - ^ 18M. Receive units 14 are 
equipped with antenna arrays 20 of N receive antennas (for 
details see Figs. 2, 3 and 5). BTS 12 sends transmit 
signals TS to all receive units 14 via channels 22A and 
22B- For simplicity ;r only channels 22A;. 22B between BTS 12 
and receive units 14A;. 14B are indicated, although BTS 12 
transmits TS signals to all units shown. In this 

particular case receive units 14A, 14B are both located 
within one cell 24. However, under suitable channel 
conditions BTS 12 can transmit TS signals to units outside 
cell 24. 

The time variation of channels 22A, 22B causes transmitted 
signals TS to experience fluctuating levels of attenuation, 
interference, multi-path fading and other deleterious 
effects. Therefore, communication parameters of channels 
22A, 22B such as data capacity, signal quality, spectral 
efficiency or throughput undergo temporal changes. Thus, 
channels 22A, 22B can not at all times support efficient 
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propagation of high data rate signals TS or signals which 
are not formatted with a robust coding algorithm. 

In accordance with the invention^ antenna array 16 at BTS 
12 employs spatial multiplexing, reduces interference, 
increases array gain and achieves other advantageous 
effects. Antenna arrays 20 at receive units 14 are set up 
to receive the spatial multiplexed signals from BTS 12 . 
The method of the invention finds an optimum choice of 
transmit antennas 18A, 18B, - - . , 18M selected adaptively 
with changing conditions of channels 22A, 22B. In other 
words, the method of the invention implements an adaptive 
and optimal selection of transmit antennas 18A, 18B, • . . . , 
18M, deactivating some of these antennas- in a:ccordance with 
the rules described below to improve performance. 

Fig. 2 illustrates the fundamental blocks of transmit unit 
12 and one receive unit 14 necessary to employ the method. 
Transmit unit 12 has a control unit 26 connected to a data 
processing block 28 for receiving data 30 to be converted 
to spatially multiplexed transmit signals TS to select 
transmit antennas 18A, 18B, . . - , 18M for transmission 
therefrom. An up-conversion and RF amplification block 32 
supplies the transmit signals TS to antennas 18A, 18B, . . . , 
18M. 

On the other side of the link, receive unit 14 has N 
receive antennas 34A, 34B, . - - , 34N in its array 20 for 
receiving receive signals RS. An RF amplification and 
down- conversion block 36 processes receive signals RS and 
passes them to data processing block 38. Data processing 
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block 38 includes a channel measurement or estimation unit 
(see Fig. 5) which obtains a measurement of the channel 
coefficients matrix H characterizing channel 22. 

A mode selection block 40 uses matrix H and a chosen 
quality of service QoS or quality parameter QP to determine 
which of transmit antennas 18 should be deactivated to 
improve reception. The quality parameter QP used by block 
40 can be any useful signal characteristics measure such as 
signal-to-interference and noise ratio (SINK), signal-to- 
noise ratio (SNR) , power level. Block 40 makes the 
determination about which of transmit antennas 18B, 
, . . 18M should be transmitting in order to keep the quality 
parameter above a certain minimum required value or 
threshold. This selection is fed back as indicated by 
dashed line 42 to transmit unit 12. In case channel 22 is 
a time-division duplexed (TDD) channel which is reciprocal 
between the receive and transmit units ^ no separate 
feedback is required. In response^ unit 26 switches off or 
deactivates the transmit antennas which block 40 has 
determined should be deactivated . 

An exemplary embodiment of a transmit unit 50 for 
practicing the method of the invention is shown in Fig. 3. 
Data 52, in this case in the form of a binary stream, has 
to be transmitted. Before transmission;, data 52 may be 
interleaved and pre-coded by interleaver and pre-coder (not 
shown) , The purpose of interleaving and pre-coding is to 
render the data more robust against errors . Both of these 
techniques are well-known in the art. 
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Data 52 is delivered to a conversion unit^ more 
specifically a spatial multiplexing block 56. Block 56 
converts data 52 into k streams of symbols at chosen 
modulation rates and coding rates. For example, data 52 
can be converted into symbols through modulation in a 
constellation selected from among PSK, QAM^ GMSK^ FSK, PAM^ 
PPM^ CAP;. CPM or other suitable constellations. The 
transmission rate or throughput of data 52 will vary 
depending on the modulation and coding rates used in each 
of the k streams . 



Mode 


Modulation Rate 
(bits/symbol) 


Coding Rate 


Throughput 
(bits/s/Hz) 


1 


2 


3/4 


3/2 


2 


2 


2/3 


4/3 


3 


2 


1/2 


1 


4 


2 


1/3 


2/3 


5 


4 


3/4 


3 


6 


4 


2/3 


8/3 


7 


4 


1/2 


2 


8 


4 


1/3 


4/3 


9 


5 


3/4 


15/4 


10 


5 


2/3 


10/3 


11 


5 


1/2 


5/2 


12 


5 


1/3 


5/3 


13 


6 


3/4 


9/2 


14 


6 


2/3 


4 


15 


6 


1/2 


3 


16 


6 


1/3 


2 



Table 1 illustrates some typical modulation and coding 
rates with the corresponding throughputs which can be used 
in the spatial multiplexing method of the invention. The 
entries are conveniently indexed by a mode number. 
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The mode column can be used to more conveniently identify 
the modulation and coding rates which are to be applied to 
the k streams- Tables analogous to Table 1 for other 
coding rates and modulation can be easily derived as these 
techniques are well-known in the art. 

Once coded and modulated in symbols^ data 52 passes to a 
switching unit 60. Depending on its setting, switching 
unit 60 routs modulated and coded k streams of spatially 
multiplexed data 52 to all or a subset of its M outputs • 
The M outputs lead to the corresponding M transmit antennas 
72 via an up-conversion and RF amplification stage 70 
having individual digital-to-analog converters and up- 
conversion/RF amplification blocks 74. Transmit antennas 
72 transmit data 52 in the form of transmit signals TS . In 
this case transmit antennas Ti, T2, ... Tm with the 
exception of transmit antenna Tj are transmitting coded 
streams. In other words, k=M-l. The determination to 
deactivate antenna Tj is made in accordance with the method 
of the invention as described below . 

Transmit unit 50 also has a controller 66 connected to 
spatial multiplexing block 56 and to switching unit 68. A 
database 78 is connected to controller 66. Database 78 
conveniently contains a table, e.g., a spatial multiplexing 

look-up table indexed by mode as in exemplary table 1. The 
convenience of indexing by mode resides in the fact that 
feedback to transmit unit 50 does not require much 
bandwidth . 
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Specif ically^. transmit unit 50 receives feedback from 
receive unit 90 (see Fig. 5) via a feedback extractor 80. 
Feedback extractor 80 detects an antenna number or any 
other designation which antennas to operate and which to 
deactivate and forwards this information to controller 66. 
In some embodiments feedback extractor detects mode number 
and associated antenna number^ and forwards it to 
controller 66. Controller 66 looks up the mode number in 
database 78 and- thus determines the modulation^, coding rate 
and any other parameters for the associated antenna. 

Receive unit 90 can send back a channel descriptor e.g.;. a 
channel matrix a channel matrix filter H or some other 
suitable descriptor identifying the action of the channel 
on transmitted signals TS, to transmit unit 50. In these 
cases transmit unit 50 can use the channel descriptor in 
its operation to derive any information in addition to 
antenna niomber and mode number to adapt its transmission to 
channel 22. In the event of using time-division duplexing 
(TDD);. the feedback information, i.e., the channel 
parameters are obtained during the reverse transmission 
from receive unit 90 or remote subscriber unit, as is known 
in the art, and no dedicated feedback extractor 80 is 
required - 

When channel 22 experiences delay spread^ it can be modeled 
as a Finite Impluse Response (FIR) channel, i.e.^ channel 
22 has a memory and any representation of channel 22 should 
have a time dimension. Depending on the transmission 
symbol rate, for a given delay spread channel 22 will have 
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some number L of symbol delay taps. When there is no delay 
spread channel 22 can be represented by an NxM matrix where 
N is the number of receive antennas 92 (see Fig. 5) and M 
is the number of transmit antennas 72. When there is 

delay spread, channel 22 can be represented by a matrix 

filter H which is constructed of Hi, H2, ... Hl, where Hi is 
the NxM channel matrix at i-th delay tap. 

When multi-carrier modulation such as OFDM is used, the 
symbol duration is chosen much longer than the channel 
delay spread. In this case, each sub-carrier frequency or 
tone has an individual channel represented by an NxM 
matrix, i.e., H^, H2, ... Ht where T is the number of sub- 
carrier tones . 

In an embodiment of the invention where inter-symbol 
interference (ISI) is not a problem, the parameters of 
channel 22 are expressed by a single channel matrix H. In 
accordance with this descriptor, transmit signals TS 
propagating through channel 22 are affected by channel 
coefficients axy of matrix H. Matrix H is composed of sub- 
matrices h, here in the form of columns labeled hi, h2/ 
hj, ... h^. Each antenna Ti, --.^ T j a •-•/ Tm is 

associated with a corresponding sub-matrix hi, h2, hj , 

... hjyi. The dimension or number of entries in each sub- 
matrix h is dictated by the number of receive antennas 92 
employed by receive unit 90 (see Fig. 5) ; in this case the 
number is N. Hence, channel coefficients matrix H is an 
NxM matrix with channel coefficients a^y ranging from an to 
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Fig. 4 shows a more detailed block diagram of spatial 
multiplexing block 56. Data 52 received by block 56 is 
first parsed by parser 58, which is in direct communication 
with controller 66. Based on feedback obtained from 
feedback extractor 80, controller tells parser 58 into how 
many streams data 52 is to be divided. Parser is connected 
with a multiplexing block 62 and supplies the streams to 
its coding and modulation blocks 64. Having separate 
coding and modulation blocks 64 for each stream enables the 
user to employ different coding rates and modulations in 
each stream. 

Fig. 5 illustrates receive unit 90 for receiving receive 
signals RS from transmit unit 50 through channel 22 with N 
receive antennas 92. Receive unit 90 can be any suitable 
receiver capable of receiving spatial multiplexed receive 
signals RS via the N receive antennas 92. Exemplary 
receivers include maximum likelihood receivers;. zero 
forcing equalizer receivers, successive cancellation 
receivers and minimum mean square error equalizer 
receivers . Receive unit 90 has an RF amplification and 
down-conversion stage 94 having individual RF 
amplification/down-conversion/ and analog-to-digital 

converter blocks 96 associated with each of the N receive 
antennas 72. The N outputs of stage 94 are connected to a 
block 98 which performs receive processing, signal 
detection and decoding and demultiplexing functions. The N 
outputs of stage 94 are also connected to a channel 
estimator 100. Channel estimator 100 obtains a measurement 
of channel 22; in particular, it determines the channel 
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coefficients matrix H representing the action of channel 22 
on transmit signals TS. 

Estimator 100 is connected to block 98 to provide block 98 
with the channel descriptor. The channel descriptor is 
typically determined by estimator 100 during training; a 
procedure well-known in the art. In case there is no ISI 
estimator 100 determines channel matrix H for the 
independent k streams from the k transmit antennas 72 . In 
case there is ISI estimator 100 detejcmines channel matrix 
filter H with the aid of training sequences which are as 
long or longer than the delay spread. ^ In multi-carrier 
operation each sub-carrier tone has a different channel so 
training is required for all sub-carrier tones. During 
training estimator 100 determines channel matrices Hi, H2/ 
... Ht for all sub-carrier tones . A deinterleaver and 
decoder (not shown) can be placed in the data stream if a 
corresponding interleaver and coder was employed in 
transmitter 50. 

Channel estimator 100 is also connected to a mode selection 
block 102 . Mode selection block 102 is connected to a 
database 104. Database 104 conveniently contains a look-up 

table similar to table 1 with quality parameters QP^s and 
threshold values QPth (i.e., the lowest acceptable values) 
of these QP ' s for each of the modes. In other words, for 
any particular QP each mode has an associated threshold 
QPthr which is conveniently stored in database 104. For 
example, when SINR is used as QP, then for a given (or 
required) performance criteria, e.g., a required BER, each 
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mode has a threshold SINRth which depends on its modulation 
rate and coding rate. Mode selection block 102 can thus 
access in database 104 the appropriate threshold QPth values 
for the selected modes. 

Alternatively^ mode selection block 102 can receive quality 
parameter QP and threshold value QPth each mode from an 

outside source.. In yet another embodiment, block 102 can 
be pre-programmed to use a particular quality parameter QP 
or make its own selection of quality parameter QP. AlsO;. 
threshold value QPth be provided, or pre-set by block 

102 or adjusted during operation by either block 102 or 
some other circuit, as necessary. In the present 

embodiment, signal-to-interference and noise ratio (SINR) 
is used as quality parameter QP. 

Conveniently, database 104 contains the same entries as 
database 78 indexed by the same mode numbers. This 
arrangement makes it particularly easy for selection block 
102 to communicate its mode selection for each transmit 
antenna Ti to transmit unit 50 by sending the mode number. 
For example, selection block 102 provides transmit antenna 
number and mode to be used by that transmit antenna 
pairwise for feedback to transmit unit 50. In fact, 
antenna number and mode can be arranged in a table for 
feedback. When a transmit antenna number and 

corresponding mode are not indicated by block 102, then 
that transmit antenna Ti is deactivated by controller 66. 
For active transmit antennas controller 66 retrieves the 
corresponding coding rate and modulation from database 78. 
Alternatively, selection block 102 can indicate directly 
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which transmit antenna or antennas T± are to be deactivated 
and indicate the modes to be used by active transmit 
antennas Ti. In some cases, the same mode can be used by 
all active transmit antennas Ti,. e.g., at system start-up. 
At this time selection block 102 only sends active transmit 
antennas and mode for feedback to transmit unit 50. 

Mode selection block 102 is connected to a feedback block 
106 for feeding back the antenna numbers and corresponding 
modes to receive unit 50. Furthermore, feedback block 106 
can also send channel parameters, e.g., in the foicm of mode 
number to transmit unit 50. Receiver unit's 90 transmitter 
110 is connected to feedback block 106 for transmitting 
this information back to transmit unit 50. 

In this embodiment, receive unit 90 is a minimum mean 
square error equalizer (MMSE) receiver requiring a receive 
processing matrix 108 based on channel matrix H to recover 
data 52. Hence, mode selection block 102 has the 
appropriate logic to compute matrix 108 as discussed below. 
Block 102 communicates matrix 108 to. block 98 via a link. 

The operation of channel 22 on a transmit vector s of M 
transmit signals TS corresponding to the M transmit 
antennas 72 is described by the system equation: 

x = RHs + Rvr (1) 

where v is an Nxl noise vector, H is the NxM channel 
matrix, R is the linear MMSE equalizer receiver and x is 
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the Nxl receive vector estimated by receive unit 90. It is 
assumed that: 



£(5/) = P,; e{vv) = R^; E{sv)^Or (2) 



where the superscript * denotes the conjugate transpose and 
E is the expectation value over the distributions of v and 
s. The error vector e can be defined as: 

e = s-RHs-Rv , (3) 

The linear MMSE equalizer is found by minimizing the cost 
function: 

C{R)^ Trace E[ee). (4) 

Using the assumptions in (2)^ the cost function in (4) can 
be simplified to: 

C{R) = Trace [p,(/ - RH){I - RH)' + RR^R^] , ( 5 ) 

where I is the identity matrix. To obtain the optimum MMSE 
receiver^. Roptr "the first derivative of the simplified cost 

function is set to zero^ ~dR~~^' solved for Ropt 

yielding: 

R^^,^P„H*(P„HH* + R^:)\ (5) 
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The receiver R, here optimized receiver RoptA determines the 
value of quality parameter QP for transmit signals TS 
transmitted via each one of transmit antennas 72. In this 
embodiment, signal-to-interference and noise ratio (SINR) 
is chosen as the quality parameter QP. The relation 
between SINRi for i-th of transmit antennas 72 and Ropt is: 



SINR, = 




Of course, a person of average skill in the art will be 
able to construct analogous relationships between other 
quality parameters QP of transmit signals TS transmitted 
from each of transmit antennas 72 and the receiver. 

In accordance with the method of the invention, a threshold 
value QPth is assigned to quality parameter QP- The 
assignment of the threshold is based on the desired quality 
of receive signals RS. Conveniently, QPth is the minimiom 
threshold at which receive signals RS can be re-converted 
into data 52 by block 98 at an acceptable error rate given 
the mode (coding rate and modulation of data 52 employed by 
spatial multiplexing block 56 of transmit unit 50) . For 
example, the assignment can be based on a desired bit- 
error-rate (BER) of received data 52. Alternatively, other 
error rates such as packet error rates or symbol error 
rates of data 52 can be used to characterize the quality of 
receive signals RS. A person of average skill in the art 
is familiar with these characterizations and criteria for 
their selection. 
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In this embodiment, data 52 is coded and modulated in 
accordance with a square QAM constellation (e.g. with four 
points, Z=4) and the quality parameter QP is SINK. The BER 
required at receive unit 90 given this mode assigns the 
minimum threshold SINRth- Specif ically;. BERi at receive 
unit 90 for data 52 transmitted in transmit signals TS from 
i-th antenna of transmit antennas 72 is related to SIN.Ri for 
the i-th antenna as follows: 



BER, = X erfcl^^fi^SINR,) , ( 8 ) 



where erfc is the complementary error function^ 

2 ( \ \ 3 

= — . M ^ and Pz~~/ Selecting a minimum 

logjZv -yZJ 2(Z-1) 

acceptable BERi at receive unit' 90 given the mode thus 

yields an SINRi value to be used as threshold value SINRth- 

It should be noted that this holds for uncoded schemes, 

i.e.;. when no additional coding such as error coding is 

imposed on data 52- In the event such coding is used there 

is generally a coding gain which will vary SINRth/ 3ls will 

be appreciated by a person skilled in the art- 

SINRth is used by mode selection block 102 to identify sub- 
descriptors of channel 22 which do not meet threshold 
SINRth- this embodiment the sub-descriptors of channel 

22 are siib-matrices hi of channel matrix as shown in Fig. 
6. One sub-matrix hi, i=l-..M, is associated with each 
transmit antenna Ti, i=l...M, of transmit antennas 72. The 
schematic of Fig, 6 illustrates a case where for all sub- 
matrices hi quality parameter QP exceeds threshold QPth with 
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the exception of sub-matrix hj . In the present embodiment 
QP is SINK and thus SINRj<SINRth. 

According to the method of the invention^ transmit antenna 
Tj corresponding to sub-matrix hj is deactivated. In fact,- 
transmit unit 50 is shown in Fig. 3 with antenna Tj 
deactivated^ i.e.^ no transmit signals TS are transmitted 
from antenna Tj . This deactivation of one or more 
transmitting antennas Ti will generally improve and not 
worsen the quality parameter QP;. in this case SINR, for the 
remaining transmitting antennas. 

Figs. 7 illustrates how mode selection block 102 implements 
the deactivation decision. Channel matrix H, QP and QPth 
are received by a comparison block 110 where QP values for 
each sub-matrix hi are compared with QPth given the selected 
mode (see Fig. 6) . Comparison block 110 identifies which 
of sub-matrices hi has a QPi less than QPth snd removes this 
sub-matriX;. in the present embodiment sub-matrix hj, since 
QPj<QPth/ from channel matrix H. Removal of sub-matrix hj 
from channel matrix H produces a subset channel matrix H' . 
Comparison block 110 recomputes QPi for each sub-matrix hi 
corresponding to transmit antenna Ti in subset matrix H' . 
Conveniently, recomputed QPi of sub-matrices hi of subset 
channel matrix H" are compared with adjusted QPth- For 
example, recomputed QPi are compared with QPth required for 
particular modes to determine in which of those modes the 
corresponding antennas Ti should transmit. Advantageously, 
the mode whose required QPth is closest in value to the 
recalculated QPi is selected for data 52 transmitted from 
corresponding transmit antenna Ti. 



25 



wo 02/03557 



PCT/USOl/11309 



Block 110 also passes subset channel matrix H' to a 
computing block 112. Computing block 112 calculates the 
processing matrix 108 or optimal receiver Ropt and sends Ropt 
to block 98 for receive processing. 

When all transmit antennas Ti meet threshold QPth of a 
different mode then employed at the time^. e.g., a mode with 
a higher throughput, then this higher throughput mode is 
selected by comparison block 110. When a sub-matrix hj 
indicates that the corresponding transmit antenna Tj no 
longer meets QPth/ then that antenna is deactivated and the 
mode is fed back to transmit unit 50. In this manner, 
transmission of data 52 can be optimized for highest 
throughput at the set QPth- 

In fact, flow chart of Fig. 8 shows an embodiment of the 
method for achieving highest throughput a mode number # 
with corresponding threshold QPth-#- Initially, i is set 
equal to the number of transmit antennas Ti, i=M, such that 
k=M. Then, optimal receiver Ropt is computed as well as the 
values QPi for all sub-matrices hi- For convenience, 
antennas Ti and their corresponding sub-matrices hi are 
arranged in descending order of QPi. A mapping of this re- 
arranged or ordered set to the original order of sub- 
matrices hi and corresponding transmit antennas Ti is 
maintained for administrative purposes. 

In the next step, each QPi is compared with a lowest 
threshold QPth-#- For example, lowest threshold QPth-# c:an be 
equal to the threshold for the lowest throughput acceptable 
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mode #. When a QPi does not meet this lowest threshold QPth- 

the corresponding sub-matrix hi is removed from channel • 
matrix H to produce subset channel matrix . With the 
same action the corresponding antenna Ti is designated for 
deactivation. After removal of sub-matrix hi the values of 
QPi are re-computed and the comparison repeated, until 
subset channel matrix H* contains only sub-matrices h^. which 
have QPi higher than QPtji-#- It should be noted that more 
than one sub-matrix hi can be removed at a time. 

Once the final subset channel matrix is obtained it is 

sent to the second branch in the flow chart of Fig. 8 to 
determine the best modes to use for transmission from the 
remaining antennas. The number of data streams k is set to 
the number of remaining sub-matrices hi^ i=k. ' Then^ in a 
recursive loop process, the best mode number for each, 
antenna is determined by direct comparison of QP^ with QPth-# 
required for that mode #. The mode # for which the 
comparison yields the closest match is selected for 
transmission from corresponding antenna #. Conveniently, 
the antenna # and mode # are ordered pairwise in a table 
for feedback to the transmit unit. Before feedback, the 
table is arranged to agree with the updated mapping of 
antenna # which was perfontied to arrange sub-matrices hi in 
descending order of QPi. 

It should be noted, that comparison block 110 can re-set or 
adjust lowest QPth-#. For example, when data 52 is not very 
sensitive (e.g., voice) lowest QPth-# can be lowered and when 
data 52 is sensitive lowest threshold QPth-# can be raised. 
In fact, the setting of lowest ' QPth-# depends on the type of 
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data 52 and other parameters well-known in the art of data 
processing. 

Comparison block 110 can repeat the steps of identifying 
individual or even groups or sets of sub-matrices hi falling 
below lowest QPth-# and deactivate the corresponding antenna 
or antennas among transmit antennas 72. Of course, when 
channel 22 is very high quality, no transmit antennas 72 
may need to be deactivated . 

In general, the time period within which the above 
computations for ■ antenna deactivation should be repeated 
should be shorter than the coherence time of channel 22 . 

In another embodiment, transmit unit 50 receiving feedback 
of channel information, whether using TDD or simple 
feedback, could make the selection of antenna or antennas 
to deactivate on its own. This alternative approach would 
be convenient when receive unit 90 does not have sufficient 
resources or power to make the comparisons between the 
values of QPi and QPth- Of course, transmit unit 50 would 
then contain all the corresponding computation • and 
decision-making blocks, specifically mode selection block 
102, contained in receive unit 90 as described above. 

In an alternative embodiment shown in Fig. 9, the method of 
invention is employed in a communications system 200 using 
spatial-multiplexing. System 200 has several base 

transceiver stations (BTS) , of which two 204, 206 are 
shown. BTS 204, 206 are equipped with transmit antenna 
arrays 208, 210 respectively for sending transmit signals 
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to receive unit 212. It should be noted, however, that a 
combination of BTS with single transmit antennas can be 
used as long as spatial multiplexing is employed. 

Receive unit 212 sets a threshold QPth ^nd identifies among 
the sub-descriptors of a descriptor of channel 22, e.g., hi 
matrices of channel matrix H, one or more sub-descriptors 
which do not meet threshold QPth in the selected mode. As 
described above, receive unit 212 can adjust threshold QPth/' 
in particular, it can adjust threshold QPth based on the 
desired mode. Receive unit 212 then determines a final 
selection which transmit antennas of transmit antenna 
arrays 208, 210 should be deactivated. Additionally, 
receive unit 212 determines which modes should be used by 
the remaining active transmit antennas of arrays 208, 210. 
It should be noted that under certain circumstances receive 
unit 212 may deteimiine that one of base stations 204, 206 
should not be transmitting any transmit signals to receive 
unit 212 at all. 

The selection of antennas and modes is fed back from 
receive unit 212 to BTS 204, 206. In particular, a control 
logic, in this embodiment a controller 202 receives the 
feedback from receive unit 212. Controller 202 can be a 
central control unit supervising the operation of BTS 204, 
206 and any other BTS of communication system 200. 
Alternatively, control logic can consist of separate 
control units as indicated in dashed lines. 



29 



wo 02/03557 



PCT/USOl/11309 



In another embodiment of the invention the descriptor of 
channel 22 is a channel matrix filter H and sub-descriptors 
are sub-matrix filters hi. Conveniently, channel matrix 
filter H is used as descriptor when inter-symbol 

interference (ISI) is present due to broadly varying times 
of arrival or under other adverse conditions associated 
with delay spread. A person of average skill in the art is 

familiar with channel matrix filters H, their construction 
and their use in reconstructing transmitted data under such 
channel conditions . 

In particular, for a channel with delay spread the system 
equation is: 

X = IHS + N. (9) 
This equation can be rewritten in matrix form as: 





1 






0 ... 


0 ^ 










2 


0 


Ho 




0 




+ 






1 


^0 


0 

1 2 




P 









where s.k is the signal vector at time k, rik is the noise 
vector at time k, Xk is the received signal vector at time 
k, q is the niomber of received signal snap shots used for 
processing (also referred to as the number of equalizer 
taps) , L is the number of delay elements in the channel and 
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p>q+L. As is clear from the explicit system equation, 
channel matrix filter H actually consists of a number of 
channel matrices each of which is an NxM matrix, where N 
is the number of receive antennas at the receive unit and M 



matrix filter H is actually qNxpM. In fact, M is the total 
number of antennas from which receive unit is meant to 
receive spatially multiplexed signals. As discussed above, 
these transmit antennas can belong to separate BTS, include 

single transmit antennas or transmit antennas which are 
part of any suitable transmit antenna array. 

The receiver equalizer R(z) for processing the q time snap 
shots of the received vector x^ to obtain a good MMSE 
estimator of the transmitted signal vector s-^ can be 
represented as follows: 



where z is the delay element, Ri is the equalizer tap at the 
i-th instant- Using system equation (9) and equation (10) 
the recovered signal vector, S/^^ where the hat indicates 
recovered signal, can be written as: 



is the number of transmit antennas . 



Therefore , channel 




(10) 



(11) 



By defining the following correlation matrices: 



E[NN*] = a^I 



(12.) 
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. E[SS'] = Ir (13) 

where is the noise variance and I is the identity matrix^, 
the MMSE estimator R for estimating from S can be written 
as : 

R = [hI 0 0 ... + . ( 14 ) 

In this embodiment the quality parameter QP is chosen to be 
signal-to-noise ratio (SNR) . Now^. for the i-th transmit 
antenna the SNR is given by: 

SNR = ^\R!m"R*] r (15) 

where 1=1;. 2, . . . M. At this point the SNR values for each 
transmit antenna can be compared with a threshold SNRth- 
The remaining steps leading to the selection of which 
transmit antenna should be deactivated are analogous to 
those described above. 

The method of invention can also be used in multi-carrier 
systems using spatial multiplexing. In these types of 
communication systems several sub-carrier frequencies or 
sub-carrier tones are transmitted from each transmit 
antenna. Each of these sub-carrier tones experiences a 
different channel in propagating from the transmit unit to 
the receive unit. Hence, each transmit antenna has 
associated with it a group of sub-descriptors; one for each 
sub-carrier tone. 
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In this case each transmit antenna and its associated sub- 
descriptor will yield a different quality parameter QP at 
the different sub-carrier frequencies. In other words, 
data transmitted from a transmit antenna Tj on a first sub- 
carrier tone STi will exhibit a quality parameter QPji 
different from a quality parameter QPj2 for data transmitted 
from the same transmit antenna Tj on a second sub-carrier 
tone ST2- Hence, the selection of which transmit antenna to 
deactivate in this case is made based on the average 
quality parameter OP j for the group of sub-descriptor;^ 
associated with that antenna. With this change, the method 
of invention can be employed in multi-carrier systems as 
described for non multi-carrier communication systems. 

The method of the invention can be used in soft hand-off 
between base stations in cellular systems. Alternatively, 
partial hand-offs or gradual hand-offs between base 
stations can be implemented, depending on antenna 
selection. In fixed wireless systems the user device can 
operate by receiving signals from a selection of antennas 
belonging to different base stations at all times. Also, 
in the case of fixed wireless devices there may be cases 
where the channel does not change appreciably over time. 
In this case, once the antenna selection is made, no 
feedback may be required. 

It will be clear to one skilled in the art that the above 
embodiments may be altered in many ways without departing 
from the scope of the invention. Accordingly, the scope of 
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the invention should be determined by the following claims 
and their legal equivalents . 
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CLAIMS 

What is claimed is: 

1. A method for selecting antennas for spatial 
multiplexed communication in a channel for 
transmitting data between a transmit unit having 
transmit antennas and a receive unit having receive 
antennas, said method comprising: 

a) determining a channel descriptor having sub- 
descriptors corresponding to said transmit 
antennas; 

b) choosing a quality parameter; 

c) assigning a threshold to said quality parameter; 

d) identifying among said sub-descriptors a sub- 
descriptor not meeting said threshold; and 

e) deactivating among said transmit antennas an 
antenna associated with said sub-descriptor . 

2- The method of claim 1, wherein said quality 
parameter is selected from the group consisting 
of signal-to-interference and noise ratio, 
signal-to-noise ratio, power level. 

3. The method of claim 1, wherein said channel 
descriptor is a channel matrix filter said 
sub-descriptors are sub-matrix filters hi of said 
channel matrix filter H, and said sub-descriptor 
is a sub-matrix filter h-i . 
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4. The method of claim 3^ further comprising 
removing said sub-matrix filter hj from said 
channel matrix filter H to obtain a subset 
channel matrix filter H' . 

5- The method of claim A, further 
comprising repeating said identifying 
and said deactivating. 

6. The method of claim 1,. wherein said spatial 
multiplexed communication employs a number of 
sub-carrier tones associating groups of said sub- 
descriptors with said transmit antennas . 



7- The method of claim 6^^ wherein said 
identifying comprises computing an average 
quality parameter for said groups of sub- 
descriptors and identifying among said 
groups of sub-descriptors a group of sub- 
descriptors not meeting said threshold, and 
said deactivating comprises deactivating 
among said transmit antennas an antenna 
associated with said group of sub- 
descriptors . 



8. The method of claim 1,^ wherein said channel 
descriptor is a channel matrix H, said sub- 
descriptors are sub-matrices hi of said channel 
matrix and said sub-descriptor is a sub-matrix 
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9. The method of claim 8, further comprising 
removing said sub-matrix hj from said 
channel matrix H to obtain a subset channel 
matrix H' - 

10. The method of claim 9, further 
comprising repeating said identifying 
and said deactivating. 

The method of claim 1^ further comprising 
adjusting said threshold. 

The method of claim 1^ wherein said data is coded 
and modulated in accordance with a selected mode. 

13. The method of claim 12, wherein said mode 
comprises a predetermined coding rate and 
modulation. 

14. The method of claim 12, wherein said 
threshold is assigned based on said selected 
mode . 

15- The method of claim 12, wherein said 
selected mode is based on said quality- 
parameter . 

16- The method of claim 12, wherein said 
selected mode is fed back to said transmit 
unit. 
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17. The method of claim 1, wherein said receive unit 
is selected from the group consisting of maximum 
likelihood receivers zero forcing equalizer 
receivers^ successive cancellation receivers and 
minimum mean square error equalizer receivers. 

18- A method for selecting antennas for spatial 
multiplexed communication in a channel for 
transmitting data between a transmit unit having 
transmit antennas and a receive unit having receive 
antennas said method comprising: 

a) determining a channel descriptor having sub- 
descriptors corresponding to said transmit 
antennas; 

b) choosing a quality parameter; 

c) assigning a threshold to said quality parameter; 

d) identifying among said sub-descriptors a set of 
sub-descriptors not meeting said threshold; and 

e) deactivating among said transmit antennas, 
antennas associated with said set of sub- 
descriptors . 

19. The method of claim 18, wherein said quality 
parameter is selected from the group consisting 
of signal-to-interference and noise ratio, 
signal-to-noise ratio, power level. 

20. The method of claim 18, wherein said channel 
descriptor is a channel matrix filter H, said 
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sub-descriptors ■ are sub-matrix filters hi of said 

channel matrix filter H, and said set of sub- 
descriptors is a set of said sub-matrix filters 

21. The method of claim 20 ^ further comprising 
removing said set of sub-matrix filters hi 
from said channel matrix filter H to obtain 
a subset channel matrix filter H'. 

22- The method of claim 21, further 
comprising repeating said identifying 
and said deactivating. 

23. The method of claim 18, wherein said spatial 
multiplexed communication employs a number of 
sub-carrier tones associating groups of said sub- 
descriptors with said transmit antennas . 

24. The method of claim 23, wherein said 
identifying comprises computing an average 
quality parameter for said groups of sub- 
descriptors and identifying among said 
groups of sub-descriptors a set of groups of 
sub-descriptors not meeting said threshold, 
and said deactivating comprises deactivating 
among said transmit antennas a set of 
antennas associated with said set of groups 
of sub-descriptors . 
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25. The method of claim 18, wherein said channel 
descriptor is a channel matrix said sub- 

descriptors are sub-matrices h^ of said channel 
matrix and said set . of sub-descriptors is a 

set of said sub-matrices h^. 



26. The method of claim 25, further comprising 
removing said set of sub-matrices h± from 
said channel matrix H to obtain a subset 
channel matrix H' . 



27- The method of claim 2 6, further 

comprising repeating said identifying 
and said deactivating. 

28- The method of claim 18, further comprising 
adjusting said threshold. 

29. The method of claim 18, wherein said data is 
coded and modulated in accordance with a selected 
mode - 

30. The method of claim 29, wherein said mode 
comprises a predetermined coding rate and 
modulation. 

31. The method of claim 29, wherein said 
threshold is assigned based on said selected 
mode. 
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32. The method of claim 29^ wherein said 
selected mode is based on said quality 
parameter . 



33. The method of claim 29, wherein said 
selected mode is fed back to said transmit 
unit. 



34. The method of claim 18, wherein said receive unit 
is selected from the group consisting of maximiom 
likelihood receivers, zero forcing equalizer 
receivers, successive cancellation receivers and 
minimum mean square error equalizer receivers. 

35. A method for selecting antennas for spatial 
multiplexed communication in a channel for 
transmitting data between transmit antennas and a 
receive unit having an array of receive antennas, said 
method comprising: 

a) determining a channel descriptor having sub- 
descriptors corresponding to said transmit 
antennas; 

b) choosing a quality parameter; 

c) assigning a threshold to said quality parameter; 

d) identifying among said sub-descriptors a sub- 
descriptor not meeting said threshold; and 

e) deactivating among said transmit antennas an 
antenna associated with said sub-descriptor. 



36. The method of claim 35, wherein said quality 
parameter is selected from the group consisting 



41 



wo 02/03557 



PCT/USOl/11309 



of signal-to-interference and noise ratio, 
signal-to-noise ratio, power level. 

37. The method of claim 35, wherein said channel 
descriptor is a channel matrix filter H, said 
sub-descriptors are sub-matrix filters of said 
channel matrix filter H, and said sub-descriptor 
is a sub-matrix filter hj . 

38. The method of claim 37, further comprising 
removing said sub-matrix filter hj from said 
channel matrix filter H to obtain a subset 
channel matrix filter H ' . 

39. The method of claim 38, further 
comprising repeating said identifying 
and said deactivating. 

40- The method of claim 35, wherein said spatial 
multiplexed communication employs a number of 
sub-carrier tones associating groups of said sub- 
descriptors with said transmit antennas. 

41. The method of claim 40, wherein said 
identifying comprises computing an average 
quality parameter for said groups of sub- 
descriptors and identifying among said 
groups of sub-descriptors a group of sub- 
descriptors not meeting said threshold, and 
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said deactivating comprises deactivating 
among said transmit antennas an antenna 
associated with said group of sub- 
descriptors . 

42. The method of claim 35, wherein said channel 
descriptor is a channel matrix said sub- 

descriptors are sub-matrices hj. of said channel 
matrix and said sub-descriptor is a sub-matrix 

43- The method of claim 42, further comprising 
removing said sub-matrix hj from said 
channel matrix H to obtain a subset channel 
matrix . 

44. The method of claim 43, further 
comprising repeating said identifying 
and said deactivating. 

45. The method of claim 35, further comprising 
adjusting said threshold. 

46. The method of claim 35, wherein said selected 
mode is based on said quality parameter. 

47. The method of claim 35, wherein said receive unit 

is selected from the group consisting of maximum 
likelihood receivers, zero forcing equalizer 
receivers^ successive cancellation receivers and 
minimum mean square error equalizer receivers. 
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48. A system for spatial multiplexed communication in a 
channel for transmitting data between a transmit unit 
having transmit antennas and a receive unit having 
receive antennas, said receive unit comprising: 

a) a channel estimation block for determining a 
channel descriptor having sub-descriptors 
corresponding to said transmit antennas; 

b) a mode selection block for receiving a quality 
parameter, assigning a threshold to said quality 
parameter, and identifying among said sub- 
descriptors at least one sub-descriptor not 
meeting said threshold; 

c) a feedback unit for sending feedback related to 
said at least one sub-descriptor to said transmit 
unit; 

and said transmit unit comprising a control logic for 
receiving said feedback and deactivating among said 
transmit antennas, antennas associated with said at 
least one sub-descriptor. 

49. The system of claim 48, wherein said transmit 
unit further comprises a spatial multiplexing 
block connected to said controller for coding and 
multiplexing said data. 

50- The system of claim 48, wherein said transmit 
unit further comprises a switching unit for 
deactivating said antennas. 
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51. The system of claim 48^. wherein said receive unit 
is selected from the group consisting of maximum 
likelihood receivers, zero forcing equalizer 
receivers, successive cancellation receivers and 
minimum mean square error equalizer receivers. 

52- A system for spatial multiplexed communication in a 
channel for transmitting data between a number of 
transceivers having transmit antennas and a receive 
unit having receive antennas, said receive unit 
comprising: 

a) a channel estimation block for determining a 
channel descriptor having sub-descriptors 
corresponding to said transmit antennas; 
. b) a mode selection block for receiving a quality 
parameter, assigning a threshold to said quality 
parameter, and identifying among said sub- 
descriptors at least one sub-descriptor not 
meeting said threshold; 

c) a feedback unit for sending feedback related to 
said at least one sub-descriptor to said transmit 
unit; 

and said number of transceivers comprising a control 
logic for receiving said feedback and deactivating 
among said transmit antennas, antennas associated with 
said at least one sub-descriptor. 

53. The system of claim 52, wherein said transceivers 
further comprise spatial multiplexing blocks for 
coding and multiplexing said data. 
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54. The system of claim 52, v/herein said transceivers 
further comprise switching units, for deactivating 
said antennas. 

55- The system of claim 52, wherein said receive unit 
is selected from the group consisting of maximum 
likelihood receivers ^ zero forcing equalizer 
receivers, successive cancellation receivers and 
minimum mean square error equalizer receivers. 

56. The system of claim 52, wherein said control 
logic comprises a number of control units. 

57. The system of claim 56, wherein each of said 
transceivers has one of said control units. 
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(57) Abstract: A method and communication system for selecting a mode for encoding data for transmission in a wireless commu- 
nication channel between a transmit unit and a receive unit. The data is initially transmitted in an initial mode and the selection of the 
subsequent mode is based on a selection of first-order and second-order statistical parameters of short-term and long-term quality pa- 
rameters. Suitable short-term quality parameters include signal-to-interference and noise ratio (SINR), signal-to-noise ratio (SNR), 
power level and suitable long-term quality parameters include error rates such as bit error rate (BER) and packet error rate (PER). 
The method of the invention can be employed in Multiple Input Multiple Output (MIMO), Multiple Input Single Output (MISO), 
Single Input Single Output (SISO) and Single Input Multiple Output (SIMO) communication systems to make subsequent mode 
selection faster and more efficient. Furthermore the method can be used in communication systems employing various transmission 
protocols including OFDMA, FDMA, CDMA, TDMA. 
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Mode Select:±on for Data Transmission in Wireless 
Coimounication Channels Based on S'tatis'tical Paraiaet:ers 

FIEIiD OF THE INVENTION 

The present invention relates generally to wireless 
communication systems and methods and more particularly to 
mode selection for encoding data for transmission in a wireless 
communication channel based on statistical parameters. 

BACKGROUND OF THE INVENTION 

Wireless communication systems serving stationary and mobile 
wireless subscribers are rapidly gaining popularity. Numerous 
system layouts and communications protocols have been developed 
to provide coverage in such wireless communication systems - 

Wireless communications channels between transmit and receive 
devices are inherently variable and their quality fluctuates. 
Specifically, the quality parameters of such communications 
channels vary in time. Under good conditions wireless channels 
exhibit good communication parameters, e.g., large data 
capacity, high signal quality, high spectral efficiency and 
throughput. At these times significant amounts of data can be 
transmitted via the channel reliably. However, as the channel 
changes in time, the communication parameters also change. 
Under altered conditions former data rates, coding techniques 
and data formats may no longer be feasible. For example, when 
channel performance is degraded the transmitted data may 
experience excessive corruption yielding unacceptable 
communication parameters. For instance, transmitted data can 
exhibit excessive bit-error rates or packet error rates. The 
degradation of the channel can be due to a multitude of factors 
such as general noise in the channel, multi-path fading, loss 
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of line-of -sight path;^ excessive Co-Channel Interference (CCI) 
and other factors . 

In mobile systems;, signal degradation and corruption is chiefly 
due to interference from other cellular users within or near a 
given cell and multipath fading, in which the received 
amplitude and phase of a signal varies over time. The fading 
rate can reach as much as 200 Hz for a mobile user traveling at 
60 mph at PCS frequencies of about 1.9 GHz, In such 
environments, the problem is to cleanly extract the signal of 
the user being tracked from the collection of received noise, 
CCI, and desired signal portions. 

In Fixed Wireless Access (FWA) systems, e.g., where the 
receiver remains stationary, signal fading rate is less than in 
mobile systems. In this case, the channel coherence time or 
the time during which the channel estimate remains stable is 
longer since the receiver does not move. 

Prior art wireless systems have employed adaptive modulation of 
the transmitted signals with the use of feedback from the 
receiver as well as adaptive coding and receiver feedback to 

adapt data transmission to changing channel conditions. Such 
adaptive modulation is applied to Single Input Single Output 
(SISO) and Multiple Input Multiple Output (MIMO) systems, e.g., 
systems with antenna arrays at the transmit and receive ends . 

In both SISO and MIMO systems, however, the fundamental problem 
of efficient choice of the mode to be applied to the 
transmitted data remains . For general prior art on the sub j ect 
the reader is referred to A.J. Goldsmith et al., "Variable-rate 
variable power MQAM for fading channels", IEEE Transactions of 
Communications, Vol. 45, No. 10, Oct. 1997, pp. 1218-1230; P. 
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SchraiTiin et al., "Radio Interface of EDGE^ a proposal for 
enhanced data rates in existing digital cellular systems". 
Proceedings IEEE 48th Vehicular Technology Conference (VTC 
1998), pp. 1064-1068; and Van Noblen et al . , "An adaptive link 
protocol with enhanced data rates for GSM evolution", IEEE 
Personal Communications, February 1999, pp. 54-63. 

U.S. Pat. No. 6,044,485 to Dent et al. teaches a transmission 
method and system which adapts the coding of data based on 
channel characteristics. The channel characteristics are 
obtained either from a channel estimation circuit or from an 
error feedback signal. In particular, when the signal-to-noise 
(SNR) characteristic is chosen as an indicator of the state of 
the channel, then a different coding is applied to the data 
being transmitted for high and low SNR states of the channel. 
In addition, the encoding also employs information derived from 
the cyclic redundancy check (CRC) . 

The method taught by Dent varies the coding rate only and not 
the modulation rate. This method does not permit one to select 
rapidly and efficiently from a large number of encoding modes 
to adapt to varying channel conditions . 

U.S. Pat. No. 5, 559,810 to Gilbert et al. teaches a 
communication system using data reception history for selecting 
a modulation technique from among a plurality of modulation 
techniques to thus optimize the use of communication resources. 
At least one block of data is transmitted with a particular 
modulation technique and a data reception history is maintained 
to indicate transmission errors, e.g., by keeping a value of 
how many blocks had errors. The data reception history is 
updated and used to determine an estimate of transmission 
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signal quality for each modulation technique. This value is 
then used in selecting the particular modulation technique. 

The system and method taught by Gilbert rely on tracking errors 
in the reception of entire blocks of data. In fact^ signal 
quality statistics, e.g., signal-to-interference and noise 
ratio (SINR) are derived from the error numbers for entire 
blocks of data, which requires a significant amount of time. 
Thus, this method does not permit one to select rapidly and 
efficiently from a large number of encoding modes to adapt to 
varying channel conditions, especially in the event of rapid 
fades as encountered in mobile wireless systems. 

It would be an advance to provide a mode selection technique 
which allows the system to rapidly and efficiently select the 
appropriate mode for encoding data in a quickly changing 
channel. It is important that such technique be efficient in 
all wireless systems, including Multiple Input Multiple Output 
(MIMO) , Multiple Input Single Output (MISO) , Single Input 
Single Output (SISO) and Single Input Multiple Output (SIMO) 
systems as well as systems using multiple carrier frequencies, 
e.g., OFDM systems. 

SUMMZUIY 

The present invention provides a method for selecting a mode 
for encoding data for transmission in a wireless communication 
channel between a transmit unit and a receive unit. The data 
is first encoded in accordance with an initial mode and 
transmitted from the transmit unit to the receive unit. One or 
more quality parameters are sampled in the data received by the 
receive unit. • Then, a first-order statistical parameter and a 
second-order statistical parameter of the quality parameter are 
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computed and used for selecting a subsequent mode for encoding 
the data. 

The one or more quality parameters can include a short-term 
quality parameter or several short-term quality parameters and 
be selected among parameters such as signal-to-interference and 
noise ratio (SINR) , signal-to-noise ratio (SNR) and power 
level- Conveniently, a first sampling time or window is set 
during which the short-term quality parameter is sampled. In 
one embodiment, the length of the first sampling window is 
based on a coherence time of the wireless communication 
channel. In another embodiment, the duration of the first 
sampling window is based on a delay time required to apply the 
subsequent mode to encode the data at the transmit unit. In 
yet another embodiment, the second-order statistical parameter 
is a variance of the short-term quality parameter and the 
length of the first sampling window is selected on the order of 
the variance computation time. 

The one or more quality parameters can also include a long- 
term quality parameter or several long-term quality parameters. 
The long-term quality parameter can be an error rate of the 
data, such as a bit error rate (BER) or a packet error rate 
(PER) at the receive unit. Again, it is convenient to set a 
second sampling time or window during which the long-term 
quality parameter is sampled. In one embodiment, the first- 
order statistical parameter is a mean of the long-term quality 
parameter and the length of the second sampling window is set 
on the order of the mean computation time. In another 
embodiment, the length of the second sampling window is set on 
the order of an error rate computation time. 
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In many instances, it is convenient when the first-order 
statistical parameter is a mean of the quality parameter and 
the second-order statistical parameter is a variance of the 
quality parameter. The variance can include two variance 
types: a temporal variance and a frequency variance. The 
latter is useful in systems employing multiple frequencies for 
transmitting the data. Specif ically,r it is particularly 
convenient to compute both temporal and frequency variances 
when the data is transmitted in accordance with a multi-carrier 
scheme. 

The initial mode for encoding the data can be selected from a 
set of modes. The set of modes can be made up of a number of 
modes which are likely to work based on a preliminary analysis 
of the channel- The set of modes can be organized in 
accordance with the at least one quality parameter whose first- 
order and second-order statistics are used in subsequent mode 
selection. 

Conveniently, the subsequent mode is communicated to the 
transmit unit and applied to the data to maximize a 
communication parameter in the channel. For example, the 
subsequent mode can maximize data capacity, signal quality, 

spectral efficiency or throughput of the channel or any other 
communication parameter or parameters as desired. 

The method of the invention can be used in Multiple Input 
Multiple Output (MIMO) , Multiple Input Single Output (MISO) , 
Single Input Single Output (SISO) and Single Input Multiple 
Output (SIMO) communication systems, e.g., receive and transmit 
units equipped with multiple antennas. Furthermore the method 
can be used in communication systems employing various 
transmission protocols including OFDMA, FDMA, CDMA, TDMA. 
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The method of invention can also be used for selecting the mode 
from a set of modes and adjusting the selection. For this 
purpose data encoded in an initial mode selected from the set 
of modes is received by the receive unit. The short-term 
quality parameter is then sampled to determine a statistical 
parameter of the short-term quality parameter. Of course, the 
statistical parameter can include any combination of first- 
order and second-order statistical parameters. The subsequent 
mode is selected based on the short-term statistical parameter. 
In addition, the long-term quality parameter of the data 
received by the receive unit is also sampled. The subsequent 
mode selected based on the short-term statistical parameter is 
then adjusted based on the long-term quality parameter. 

The set of modes can be arranged in any suitable manner, e.g., 
it can be arranged in a lookup table and ordered by the short- 
term quality parameter and specifically the first-order and/or 
second-order statistics of the short-term quality parameter for 
easy selection. In fact, the lookup table can be modified 
based on the short-term quality parameter. 

The invention also encompasses a system for assigning a 
subsequent mode for encoding data. The system has a transmit 
unit equipped with a transmit processing block for encoding the 
data in a mode. A receive unit is provided for receiving the 
data transmitted from the transmit unit. The receive unit has 
a statistics computation block for sampling at least one 
quality parameter of the received data and computing the first- 
order and second-order statistical parameters of the data. The 
receive unit also has a mode selection block for assigning the 
subsequent mode based on the first-order and second-order 
statistical parameters. 
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Conveniently;, the system has at least one database containing 
the set of modes from which the mode^. ^-9-^ the initial mode, 
and the subsequent mode are selected- In one case;, the receive 
has a first database containing the modes and the transmit unit 
has a second such database. 

The system also has a feedback mechanism for communicating the 
subsequent mode from the receive unit to the transmit unit. 
This feedback mechanism can be a separate mechanism or comprise 
the time-division duplexing (TDD) mechanism. 

A detailed description of the invention and the preferred and 
alternative embodiments is presented below in reference to the 
attached drawing figures . 

BRIEF DESCRIPTION OF THE FIGURES 

Fig. 1 is a simplified diagram illustrating a communication 
system in which the method of the invention Is 
applied. 

Fig. 2 is a graph illustrating the effects of channel 

variation in time and frequency. 
Fig. 3 is a block diagram of an exemplary transmit unit in 

accordance with the invention. 
Fig. 4 is a block diagram of an exemplary receive unit in 

accordance with the invention. 
Fig- 5 is a schematic diagram illustrating data transmitted 

in a wireless communication channel - 

DETAILED DESCRIPTION 

The method and systems of the invention will be best understood 
after first considering the simplified diagram of Fig. 1 
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illustrating a portion of a wireless cominunication system 10^ 
e.g./r a cellular wireless system in which the method of 
invention can be employed. For explanation purposes downlink 
communication will be considered where a transmit unit 12 is a 
Base Transceiver Station (BTS) and a receive unit 14 is a 
mobile or stationary wireless user device. Of course, the 
method can be used in uplink communication from receive unit 14 
to BTS 12. 

Exemplary user devices 14 include mobile receive units such as 
a portable telephone 14A;. a car phone 14B and a stationary 
receive unit 14C. Receive unit 14C can be a wireless modem 
used at a residence or any other fixed wireless unit. Receive 
units 14A and 14C are equipped with multiple antennas or 
antenna arrays 20. These receive units can be used in Multiple 
Input Multiple Output (MIMO) communications taking advantage of 
techniques such as spatial multiplexing or antenna diversity. 
Receive unit 14B has a single antenna 19 and can be used in 
Single Input Single Output (SISO) communications. It will be 
understood by those skilled in the art that receive units 14A, 
14B, 14C;; could be equipped in SISO, MISO (Multiple Input 
Single Output) , SIMO (Single Input Multiple Output) , or MIMO 
configurations. For example, in Fig. 1 receive unit 14B is 
shown having a single antenna therefore it can be employed in 
SISO or MISO configurations. MISO configuration can be 
realized in the case of 14B for example by receiving signals 
from the antenna array at BTS 12A or from distinct BTS such as 
12B, or any combination thereof. With the addition of multiple 
receive antennas 14B, as 14A and 14C, could also be used - in 
SIMO or MIMO configurations. In any of the configurations 
discussed above, the communications techniques can employ 
single-carrier or multi-carrier communications techniques. 
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A first exemplary transmit unit 12 is a BTS 12A equipped with 
an antenna array 16 consisting of a number of transmit antennas 
18A, 18B, - - - / 18M for MIMO communications. Another exemplary 
transmit unit 12 is a BTS 12B equipped with a single 
omnidirectional antenna 13. BTSs 12A, 12B send data in the 
form of transmit signals TS to receive units 14A;. 14B, 14C via 
wireless communications channels 22. For simplicity, only 
channel 22A between BTS 12A and receive unit 14A and channel 
22B between BTS 12B and receive unit 14C are indicated. 

The time variation of channels 22A, 22B causes transmitted 
signal TS to experience fluctuating levels of attenuation, 
interference, multi-'path fading and other deleterious effects. 
Therefore, communication parameters of channel 22A such as data 
capacity, signal quality, spectral efficiency and throughput 
undergo temporal changes. The ciomulative effects of these 
variations of channel 22A between BTS 12A and receive unit 14A 
are shown for illustrative purposes in Fig. 2. In particular, 
this graph shows the variation of a particular quality 
parameter, in this case signal strength of receive signal RS at 
receive unit 14A in dB as a function of transmission time t and 
frequency f of transmit signal TS sent from transmit unit 12A. 
Similar graphs can be obtained for other quality parameters, 
such as signal-to-interference and noise ratio (SINR) , signal- 
to-noise ratio (SNR) as well as any other quality parameters 
known in the art. Of the various quality parameters signal 
strength (power level) , SINR and SNR are generally convenient 
to use because they can be easily and rapidly derived from 
receive signals RS as is known in the art. 

In accordance with the invention, a mode for encoding data at 
transmit units 14 is selected based on a first order 
statistical parameter and a second order statistical parameter 
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of the quality parameter. The details of the method will now 
be explained by referring to the operation of a transmit unit 
50, as illustrated in Fig. 3 and a receive unit 90 as 
illustrated in Fig. 4. 

Transmit unit 50 receives data 52 to be transmitted; in this 
case a stream of binary data. Data 52 is delivered to a 
transmit processing block 56. Transmit processing block 56 
subdivides data 52 into a number k of parallel streams. Then^. 
processing block 56 applies an encoding mode to each of the k 
streams to thus encode data 52. It should be noted, that 
before transmission data 52 may be interleaved and pre-coded by 
an interleaver and a pre-coder (not shown) . The purpose of 
interleaving and pre-coding is to render the data more robust 
against errors. Both of these techniques are well-known in the 
art - 

The mode is determined by a modulation during which data 52 is 
mapped into a constellation at a given modulation rate, and a 
coding rate at which this translation is performed. For 
example, data 52 can be converted into symbols through 
modulation in a constellation selected from among PSK, QAM, 
GMSK, FSK, PAM, PPM, CAP, CPM or other suitable constellations. 
The transmission rate or throughput of data 52 will vary 
depending on the modulation and coding rates used in each of 
the k data streams . 



Table 1 



Mode 


Modulation Rate 
(bits /symbol) 


Coding Rate 


Throughput 
(bits/s/Hz) 


1 


2 


3/4 


3/2 


2 


2 


2/3 


4/3 


3 


2 


1/2 


1 


4 


2 


1/3 


2/3 
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5 


4 


3/4 


3 


6 


4 


2/3 


8/3 


7 


4 


1/2 


2 


8 


4 


1/3 


4/3 


9 


5 


3/4 


15/4 


10 


5 


2/3 


10/3 


11 


5 


1/2 


5/2 


12 


5 


1/3 


5/3 


13 


6 


3/4 


9/2 


14 


5 


2/3 


4 


15 


6 


1/2 


3 


16 


6 


1/3 


2 



Table 1 illustrates some typical modes with their modulation 
rates and coding rates and the corresponding throughputs for 
data 52 . The modes are indexed by a mode number so as to 
conveniently identify the modulation and coding rates which are 
to be applied to data 52 in each mode. Lookup tables analogous 
to Table 1 for other coding and modulation rates can be easily 
derived as these techniques are well-known in the art. 

Referring back to Fig. 3^. a set of modes, arranged conveniently 
in the form of lookup table indexed as described above,, is 
stored in a database 78 of transmit unit 50. * Database 78 is 
connected to a controller 66, which is also connected to 
transmit processing block 56 and spatial mapping unit 58. 
Controller 66 controls which mode from database 78 is applied 
to each of the k streams and spatial mapping to be performed by 
spatial mapping unit 58. 

In addition to encoding the k streams^ transmit processing 
block 56 adds training information into training tones T 
(see Fig. 5) and any other control information, as is known in 
the art. Thus processed, the k streams are sent to an up- 
conversion and RF amplification stage 70 having individual 
digital-to-analog converters and up-conversion/RF amplification 
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blocks 74 through the spatial mapping unit 58. The spatial 
mapping unit 58 maps the k streams to M inputs of the up- 
conversion and RF amplification stage 70. The M outputs of 
amplification stage 70 lead to corresponding M transmit 
antennas 72 of an antenna array 76. 

A person skilled in the art will recognize that the number M of 
transmit antennas 72 does not have to be equal to the number of 
streams k. That is because various spatial mappings can be 
employed in assigning streams k to transmit antennas 72. In 
one mapping, a certain transmit antenna 72B transmits one of 
the k streams. In another mapping, a number of transmit 
antennas 72 transmit the same stream k. In yet another 
embodiment, the k streams are assigned to M antennas 72 or a 
subset thereof via the spatial mapping unit 58 and the unit 70. 
In fact, any kind of mapping involving the use of spatial 
multiplexing (SM) and antenna diversity can be used in the 
method and system of the invention. 

Transmit antennas 72 transmit data 52 in the form of transmit 
signals TS. Fig. 5 illustrates, as will be recognized by those 
skilled in the art, a multicarrier transmission scheme with n 
frequency carriers (tones) . The vertical axis illustrates 
frequency carriers while the horizontal axis illustrates OFDM 
symbol periods. Each block corresponds to one of n frequency 
carriers during an OFDM symbol. The blocks marked with D 
correspond to data and the blocks marked with T correspond to 
training - 

Fig. 5 indicates that training is performed on all tones during 
an OFDM training symbol, it will be clear to a person skilled 
in the art that a subset of these tones could be used for 
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training and the corresponding frequency response could be 
computed at the receiver by interpolating. 

Transmit signals TS propagate through channel 22 and there 
experience the effects of changing conditions of channel 22^ as 
described above. Transmit signals TS are received in the form 
of receive signals RS by a receive antenna 91A belonging to an 
antenna array 92 of a receive unit 90, shown in Fig, 4. 

Again referring to Fig. 4, receive unit 90 has N receive 
antennas 91A, 91B, . . . , 91N for receiving receive signals RS 
from transmit unit 50. Receive unit 90 can be any suitable 
receiver capable of receiving receive signals RS via the N 
receive antennas 92. Exemplary receivers include linear 
equalizer receivers, decision feedback equalizer receivers, 
successive cancellation receivers, and maximum likelihood 
receivers . 

Receive unit 90 has an RF amplification and down-conversion 
stage 94 having individual RF amplification/down-conversion/ 
and analog-to-digital converter blocks 96 associated with each 
of the N receive antennas 91A, 91B, 91N. The N outputs of 

stage 94 are connected to a receive processing block 98 which 
performs receive processing to recover the k streams encoded by 
transmit processing block 56 of transmit unit 50. The 
recovered k streams are passed on to a signal detection, 
decoding and demultiplexing block 100 for recovering data 52 . 
In the case of antenna diversity processing it should be 
understood that k is equal to one thus there is only a single 
stream recovered. 

The receive processing block 98 computes the quality parameters 
for each of k streams and sends this information to a 
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statistics computation block for computing statistical 
parameters of the one or more quality parameters. The method 
of the invention can recognize slow and rapid channel 
variations and allows for efficient mode selection by taking 
both types of variations into account. This is accomplished by 
taking into account at least two statistics of one or more 
quality parameters- This may include either or both short-term 
and long-term quality parameters. Suitable short-term quality 
parameters include signal-to-interference and noise ratio 
(SINR) signal-to-noise ratio (SNR) and power level. Suitable 
long-term quality parameters include error rates such as bit 
error rate (BER) and packet error rate (PER) . 

For example, in one embodiment, the first-order and second- 
order statistics are derived from a short-term quality 
parameter such as the SINR, In another embodiment statistics of 
both a short-term and a long-term quality parameter are used. 

In the present embodiment the short-term quality parameter used 
is SINR. . Statistics computation block 102 computes a first- 
order statistical parameter 104 and a second-order statistical 
parameter 106 of SINR. Conveniently, first-order statistical 
parameter 104 is mean SINR and second-order statistical 
parameter is a variance SINR. Variance 106 of SINR actually 
consists of two values, SINR temporal variance 106A and SINR 
frequency variance 106B. In systems which do not employ multi- 
carrier transmission schemes frequency variance 106B does not 
have to be computed. It should be noted that each data stream 
of k streams will have an associated statistical parameter 
104,106A, 106B. 

A window adjustment 108 such as a timing circuit is connected 
to statistics computation block 102. Window adjustment 108 
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sets a first time interval or first sampling window Ti (see 
Fig, 5) during which the SINK is sampled. Conveniently SINK 
is sampled during training tones T occurring during sampling 
window Tx- The present embodiment uses multiple carrier 
frequencies f^ and thus the SINK is sampled and computed by 
block 102 for data 52 transmitted at each of the n carrier 
frequencies fc- By buffering the SINR values for all the 
training tones T during time window Ti statistics computation 
block 102 constructs the following matrix: 

'SINR,^^ SINR,^^ ... SINR^^' 

where SlNRi^j is the SINR at the i-th carrier frequency fci 
during training phase j . There are thus 1 to n carrier 
frequencies f ^ and 1 to w training phases . 

First-order statistical parameter 104 of short-term quality 
parameter in this case mean SINR, can be expressed as: 



n * w ,-^1 

Second-order statistical parameters 106A, 106B of short-term 
quality parameter, in this case SINR frequency variance and 
SINR time variance can be expressed as: 



SINR,.^ 



1 w n 

=— EE 



-l2 



and 
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1 « T 



In general;, the duration of first sampling window Xi takes into 
account general parameters of the communication system and/or 
channel 22. For example, channel 22 has a coherence time 
during which the condition of channel 22 is stable. Of course, 
the coherence time will vary depending on the motion of receive 
unit 90, as is known in the art. In one embodiment, window 
adjustment 108 sets first sampling window Ti based on the 

coherence time. Specifically, first sampling window Ti can be 
set on the order of or shorter than the coherence time. Thus, 
the first- and second-order statistical parameters 104, 106A, 

106B computed during time window Ti are minimally affected by 
loss of coherence. In another embodiment window adjustment 108 
sets first sampling window Xi to be much larger than the 
coherence t ime . 

Alternatively,^ window adjustment 108 sets first sampling window 
Ti on the order of or equal to a link update time or a delay 
time. This is the amount of time required for receive unit 90 
to communicate to transmit unit 50 the SINK statistics and/or 
the appropriate mode selection based on these SINR statistics 
as explained below. The delay time is a design parameter 
limited by the complexity of computations involved and feedback 
from receive unit 90 to transmit unit 50. Of course, the delay 
time of the system should preferably be less or significantly 
less than the channel coherence time when the window size is 
chosen smaller than the coherence time. On the converse, when 
the delay time of the system is greater than channel coherence 
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time the window size should also be chosen appropriately to 
be larger than the channel coherence time. 

It should be noted that the first-order and second-order 
statistics of the short-term quality parameter^, in the present 
case mean and variance of SINK could be sampled and computed 
over different sampling windows . 

In accordance with yet another alternative, SINR frequency 
variance 106A and SINR time variance 106B require a variance 
computation time. Variance computation time is chosen as the 
minimum amount of time required to obtain an accurate value of 
variances 106B. Window adjustment 108 therefore sets 

first sampling window Ti' on the order of or equal to the 
variance computation time,, the embodiment illustrated in Fig. 5 
shows Ti and Xx' to be equal. 

In addition to the above computations^ receive unit 90 also 
computes a long-term quality parameter, in this embodiment an 
error rate of data 52. For example, receive unit 90 computes a 
bit error rate (BER) or a packet error rate (PER) of data 52. 
It typically takes a much longer period of time than the length 

of first sampling windows Xi, Ti' to compute these error rates . 
Conveniently, these error rates are thus computed during second 
sampling window T2 or over an error rate computation time (see 
Fig. 5) . The computation of these error values and circuits 
necessary to perform these computations are well known in the 
art . 
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It should be noted that long-term quality parameters can be 
sampled over two second sampling window lengths as well. In the 
present embodiment only first-order statistical parameter^ mean 

BER is computed during second time window 1:2 • 

In the present embodiment long-term quality parameter computed 
is the packet error rate (PER) . As is well known in the art, 
the packet error rate can be computed by keeping track of the 
cyclic redundancy check (CRC) failures on the received packets. 
PER computation is a well-known technique and is performed in 
this embodiment by a PER statistics circuit 110. The PER 
computation can be used to further improve mode selection. 

The first and second-order statistical parameters of the short 
term quality parameter 104, 106A, 106B are delivered from 
statistics computation block 102 to a mode selection block 112. 
The first-order statistical parameter of the long-term quality 
parameter, in this embodiment the mean PER is also delivered to 
block 112. When used, the PER statistics circuit 110 is also 
connected to mode selection block 112 and delivers the PER 
statistics to it. 

Mode selection block is connected to a database 114, 
conveniently containing the same set of modes as database 78 of 
transmit unit 50 . The set of modes in database 114 is related 
to first-order statistical parameter 104 and second-order 
statistical parameters 106A, 106B of short-term quality 
parameter . 

Block 112 selects the subsequent mode number for encoding data 
52. Block 112 is connected to a feedback block 116 and a 
corresponding transmitter 118 for transmission of the feedback 
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to transmit unit 50. Here the convenience of indexing modes 
becomes clear^, since feedback of an index number to transmit 
unit 50 does not require much bandwidth. It should be noted;, 
that in the present embodiment a mode selection is made for 
each of the k streams. In other words a mode index indicating 
the mode to be used for each of the k streams is fed back to 
transmit unit 50. In another embodiment it may be appropriate 
to send a mode difference indicating how to modify the current 
mode for subsequent transmission. For example if the current 
transmission is mode 1^ the mode index of the subsequent mode 
is 3^ the mode difference would be 2. In yet another 
embodiment, it may be suitable to send the channel 
characteristics back to the transmitter. In this case the 
computation of statistics of the quality parameter, the mode 
selection are performed at the transmitter. 

Referring back to Fig. 3, transmit unit 50 receives feedback 
from receive unit 90 via a feedback extractor 80. Feedback 
extractor 80 detects the mode index or any other designation of 
the selected modes for each of the k streams and forwards this 
information to controller 66. Controller 66 looks up the mode 
by mode index in database 78 and thus determines the 
modulation, coding rate and any other parameters to be used for 
each of the k streams. In the event of using time-division 
duplexing (TDD) , which is a technique known in the art, the 
quality parameters can be extracted during the reverse 
transmission from receive unit 90 or remote subscriber unit and 
no dedicated feedback is required. 

In one embodiment, when the system of invention is placed into 
operation, transmit processing block 56 first assigns an 
initial mode, e.g., one of the modes available in the set of 
modes stored in database 78 to each of the k streams. ' The 
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choice of initial modes can be made on previously known data, 
simulations or empirical results . Transmit unit 50 then 
transmits data 52 in the form of transmit signals TS to receive 
unit 90. 

Receive unit 90 receives receive signals RS;. reconstructs data 
52 therefroiri;. and computes first-order and second-order 
statistical parameters 104, 106A;. 106B of short-term quality 
parameter. Mode selection block 112 then selects from database 
114 the subsequent mode based on parameters 104;. 106A, 106B. 



Table 2 



SINR variance 
(frequency) 


SINR variance 
(temporal) 


Table 






A 






B 






C 






D 



Table C 



SINR mean 


Mode No. 


40 dB 




35 dB 




25 dB 




10 dB 





Lookup tables 2 and C illustrate a portion of database 114 
arranged to conveniently determine the mode niimber of a 
subsequent mode to be used in encoding data 52 based on the 
frequency and temporal variances of SINR (second-order 
statistical parameters of short-term quality parameter) and 
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mean SINR (first-order statistical parameter of short-term 
quality parameter) . Table 2 is referenced to additional tables 
A;. B, C and D (only table C shown) based on frequency and 
temporal variances 106B of SINR. For example;, the third 

entry in Table 2 corresponds to table C where modes are ordered 
by mean SINR (first-order statistical parameter of short-term 
quality parameter) • Thus, a subsequent mode to be applied in 
encoding data 52 can be easily obtained from database 114 by 
block 112 based on its mode number . 

In addition to considering the short-term quality parameters, 
block 112, as an option, can obtain at least one long-term 
quality parameter and its statistics, i.e., first-order 
statistical parameter or mean PER in this embodiment. Block 

112 then uses mean PER to find adjustment value 5 that is added 
to the mean SINR value. In other words, the mean SINR value 
used to look up the corresponding mode is now mean SINR+8. 
Thus, subsequent mode selection is altered or adjusted by 
taking into account the long-term quality parameter. 

Once mode selection block 112 determines which modes should be 
used for each of the k streams, these subsequent modes are fed 
back to transmit unit 50 and applied to the k streams. This 
operation repeats itself, and each new selection of subsequent 
modes is fed back to transmit unit 50 to thus account for the 
changing conditions of channel 22. 

In fact, any combination of short-term and long-term quality 
parameters and their first- and second-order statistics can be 
used to thus appropriately select modes which should be used in 
transmitting data 52. The quality parameters can further be 
related to link quality parameters or communication parameters 
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such as BER^ PER, data capacity, signal quality, spectral 
efficiency or throughput and any other parameters to support 
requisite user services (e.g., voice communication). It should 
be noted, that BER and PER are both quality parameters and 
communication parameters . The subsequent mode selection can be 
made to optimize any of these communication parameters . 

The use of at least two statistical parameters provides 
improved channel characterization leading to better selection 
of a subsequent mode than in prior art systems . Adapting the 
timing window to the mode update delay further improves mode 
selection- Furthermore, the use of long-term statistical 
parameters in mode selection further refines subsequent mode 
selection over longer time periods . 

A person skilled in the art will recognize that the method and 
system of invention can be used in with any data transmission 
technique such as OFDMA, FDMA, CDMA, TDMA. It will also be 
clear to one skilled in the art that the above embodiments may 
be altered in many ways without departing from the scope of the 
invention. Accordingly, the scope of the invention should be 
determined by the following claims and their legal equivalents . 
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CLAIMS 

What is claimed is: 

1. A method for selecting a mode for encoding data for 
transmission in a wireless communication channel between a 
transmit unit and a receive unit, said method comprising: 

a) transmitting said data encoded in an initial mode 
from said transmit unit to said receive unit; 

b) sampling at least one quality parameter of said data 
received by said receive unit; 

c) computing a first-order statistical parameter of 
said at least one quality parameter; 

d) computing a second-order statistical parameter of 
said at least one quality parameter; and 

e) selecting a subsequent mode for encoding said data 
based on said first-order statistical parameter and 
said second-order statistical parameter. 

2 . The method of claim 1/ wherein said at least one 
quality parameter comprises a short-term quality 
parameter and said method further comprises setting 
a first sampling window during which said short-term 
quality parameter is sampled. 

3. The method of claim 2, wherein said wireless 
communication channel has a coherence time and 
said first sampling window is set based on said 
coherence time. 

4. The method of claim 2, wherein said subsequent 
mode is applied after a delay time, and said 
first sampling window is set based on said 
delay time. 
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5. The method of claim 2, wherein said second- 
order statistical parameter is a variance of 
said short-term quality parameter^ said 
variance being computed over a variance 
computation time and said first sampling window 
being set on the order of said variance 
computation time. 

6. The method of claim 2^ wherein said short-term 
quality parameter is selected from the group 
consisting of signal-to-interference and noise 
ratiO;^ signal-to-noise ratio and power level. 

7. The method of claim 1, wherein said at least one 
quality parameter comprises a long-term quality 
parameter and said method further comprises setting 
a second sampling window during which said long-term 
quality parameter is sampled. 

8. The method of claim 1, wherein said first-order 
statistical parameter is a mean of said long- 
term quality parameter^ said mean being 
computed over a mean computation time and said 
second sampling window being set on the order 
of said mean computation time. 

9. The method of claim 7^ wherein said long-term 
quality parameter comprises an error rate of 
said data at said receive unit. 

10. The method of claim wherein said error 
rate is computed over an error rate 
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computation time, and said second sampling 
window is set on the order of said error 
rate computation time. 

11. The method of claim wherein said error 

rate is selected from the group consisting 
of bit error rate and packet error rate. 

12- The method of claim 1, wherein said first-order 
statistical parameter is a mean of said at least one 
quality parameter. 

13. The method of claim 1, wherein said second-order 
statistical parameter is a variance of said at least 
one quality parameter. 

14. The method of claim 13;. wherein said data is 
transmitted at more than one frequency and said 
variance is a frequency variance. 

15. The method of claim 13, wherein said data is 
transmitted in a multi-carrier scheme and said 
variance is a frequency variance. 

16. The method of claim 13, wherein said variance 
is a temporal variance. 

17. The method of claim 1, wherein said initial mode is 
selected from a set of modes related to said at 
least one quality parameter. 

18. The method of claim 1, wherein said subsequent mode 
is selected to maximize a communication parameter. 
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19- The method of claim 18, wherein said 
communication parameter is selected from the 
group consisting of bit error rate;- packet 
error rate^. data capacity^ signal quality;, 
spectral efficiency and throughput. 



20- The method of claim 1^ further comprising 
communicating said subsequent mode to said transmit 
unit - 

21- The method of claim Ir wherein at least one of said 
transmit unit and said receive unit are multiple 
input and multiple output units. 

22- The method of claim 1^ wherein said transmitting 
step is performed in accordance with a transmission 
technique selected from the group consisting of 
OFDMA, FDMA, CDMA, TDMA-- 

23. A iri.ethod for selecting a mode from a set of modes for 
encoding data for transmission in a wireless communication 
channel between a transmit unit and a receive unit, said 
method comprising: 

a) transmitting said data encoded in an initial mode 
selected from said set of modes from said transmit 
unit to said receive unit; 

b) sampling a short-term quality parameter of said data 

received by said receive unit; 

c) computing a statistical parameter of said short-term 
. quality parameter; 
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d) selecting a subsequent mode from said set of modes 
for encoding said data based on said short-term 
statistical parameter; 

e) sampling a long-term quality parameter of said data 
received by said receive unit; and 

f) adjusting said subsequent mode selection in step d) 
based on said long-term quality parameter. 

24. The method of claim 23^ wherein said long-term 
quality parameter is an error rate selected from the 
group consisting of bit error rate and packet error 
rate. 

25. The method of claim 23, further comprising setting a 
first sampling window during which said short-term 
quality parameter is sampled and setting a second 
sampling window during which said long-term quality 
parameter is sampled - 

26- The method of claim 25, wherein said long-term 
quality parameter is an error rate and is 
computed over an error rate computation time, 
and said second sampling window is set on the 
order of said error rate computation time. 

27. The method of claim 25, wherein said short-term 
quality parameter is selected from the group 
consisting of signal-to-interference and noise 
ratio, signal-to-noise ratio and power level. 

28. The method of claim 23, wherein said set of modes is 
arranged in a lookup table and ordered by said 
short-term quality parameter. 
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29. The method of claim 28, wherein said adjusting 
comprises modifying said lookup table based on 
said long-term quality parameter. 

30. The method of claim 23, wherein said statistical 
parameter comprises at least one statistical 
parameter selected from the group consisting of 
first-order statistical parameters and second-order 
statistical parameters. 

A system for assigning a subsequent mode for encoding data 
for transmission in a wireless communication channel, said 
system comprising: 

a) a transmit unit having a transmit processing block 
for encoding said data in a mode; 

b) a receive unit for receiving said data transmitted 
from said transmit unit, said receive unit having: 

1) a statistics computation block for sampling at 
least one quality parameter of said data and 
computing a first-order statistical parameter 
of said at least one quality parameter and a 
second-order statistical parameter of said at 
least one quality parameter; 

2) a mode selection block for assigning said 
subsequent mode based on said first-order 
statistical parameter and said second-order 
statistical parameter. 

32. The system of claim 31, further comprising at 
least one database containing a set of modes 
from which said mode and said subsequent mode 
are selected. 



29 



wo 02/25853 



PCT/USOl/29368 



33. The system of claim 32 ^ wherein said at 
least one database comprises a first 
database in said transmit unit and a 
second database in said receive unit. 

34. The system of claim 31, further comprising a 
feedback mechanism for communicating said 
subsequent mode between said receive unit and 
said transmit unit. 
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